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This dissertation proposes a multiscale Internal State Variable (ISV) inelasticitycorrosion damage model that is motivated by experimental microstructure-property
relations of magnesium alloys. The corrosion damage framework was laid out based on
observation of different corrosion mechanisms occurred on an extruded AM30
magnesium alloys. The extruded AM30 magnesium alloy was studied under two
corrosion environments (cyclical salt spray and immersion) in order to observe the
corrosion rates under different exposure environments. The coupons were examined at
various times to determine the history effects of three corrosion mechanisms: (1) general
corrosion; (2) pitting corrosion in terms of the nucleation rate, growth rate, and
coalescence rate; and (3) intergranular corrosion. The multiscale ISV corrosion model
was developed by bridging the macroscale corrosion damage to the mesoscale
electrochemical kinetics, microscale material features, and nanoscale material activation
energies. The corrosion testing results of Mg alloys (pure Mg, Mg-2% Al, and Mg-6%
Al) were used to develop, calibrate, and validate the model, and good agreement was
found between the model results and the corrosion testing data. Finally, the simultaneous

effects of corrosion and cyclic loading were tested but not modelled for the extruded
AM30 magnesium alloy by conducting fatigue experiments in a 3.5 wt.% NaCl solution
environment. The corrosion fatigue life of the AM30 alloy was significantly reduced due
to corrosion pit formation on specimen surface, hydrogen diffused into the material，
and the fracture surface dissolved into the solution. The corrosion damage that arose on
the fatigue specimens reduced the crack nucleation process and enhanced the crack
propagation rate.
Key words: Corrosion, Modelling, Corrosion Fatigue, Magnesium Alloys, Internal State
Variable
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INTRODUCTION

1.1

Summary
The goal of this dissertation is to develop a multiscale internal state variable (ISV)

corrosion damage model for magnesium alloys and experimentally observe how the
corrosion damage affects the corrosion fatigue behavior of an extruded AM30 Mg alloy.
First, mechanisms associated with general corrosion, pitting, and intergranular corrosion
were quantified at various intervals for extruded AM30 magnesium alloy exposed to a
cyclical salt spray and 3.5 wt.% NaCl immersion environments. Next, the framework of
the corrosion damage model was laid out based on the experimental observations. The
multiscale ISV corrosion damage model was formulated by coupling the kinematics,
thermodynamics, and kinetics with damage via a multiplicative decomposition of the
deformation gradient to account for the corrosion effects. The nanoscale surface reaction
kinetics and material microstructural features were combined together to determine the
mesocale corrosion kinetics for materials. Subsequently, the mesoscale corrosion kinetics
was applied into the macroscale corrosion damage model to predict the corrosion
evolution rates such as, general corrosion, pit nucleation, pit growth, pit coalescence, and
intergranular corrosion. Following the formulation of the model, three magnesium alloys
(Pure Mg, Mg-2% Al, and Mg-6% Al) were used to calibrate and validate the model,
good agreement was found between the experimental results and the modeling results.
1

Finally, the corrosion fatigue behavior of the AM30 magnesium alloy was investigated in
a 3.5 wt.% NaCl solution environment, corrosion fatigue life of the specimens was
significantly reduced due to localized corrosion pit formation and hydrogen
embrittlement that accelerated the crack nucleation and propagation processes.
1.2

Corrosion of Magnesium Alloys
The properties of high strength-to-weight ratio and high stiffness-to-weight ratio

make magnesium alloys very attractive for the industries requiring lightweight materials,
such as transportation and aeronautics [1, 2]. Unfortunately, though magnesium alloys
exhibit desirable mechanical properties, the active corrosion behavior of magnesium
limits their widely practical applications, meaning magnesium alloys become less popular
than aluminum alloys or steels [3]. Within the automotive industry, magnesium’s low
corrosion resistance property relegates its application only in the areas unexposed to the
road splash, such as clutch housing, gear boxes, instrument panel frames, and internal
seat frames [4]. For engineering applications, in an effort to modify magnesium’s
mechanical properties and improve its corrosion performance, Mg is usually alloyed with
one or more elements, which include aluminum (Al), manganese (Mn), rare earth (RE)
metals, lithium, zinc (Zn), or zirconium (Zr) with various percentages [5-12].
Metallurgical manipulation through alloying with other elements could not only
affect magnesium alloys’ phase composition but also alter their internal microstructure,
thereby imparting an important influence on the corrosion resistance of magnesium
alloys. Different alloying elements and alloying percentages play diverse roles in
affecting the corrosion performance of magnesium alloys [13]. Some elements negatively
affect the corrosion behavior of magnesium alloys, known as impurity elements. For
2

instance, Hanawalt et. al. [14] studied the corrosion performance of binary magnesium
alloys under the influence of fourteen elements in the salt water environment. They found
that four elements (Fe, Ni, Cu, and Co) can mitigate the corrosion rate of magnesium
alloys tremendously with the concentration less than 0.2%. In higher concentrations, iron,
nickel, and copper are extremely detrimental elements, because they have low solidsolubility limits and provide active cathodic sites [15, 16]. Hanawalt et. al [14] also
showed that three elements (Ag, Ca, Zn) had a modest influence on corrosion behavior
with the concentration range from 0.5% to 5% and the remainder (Al, Sn, Cd, Mn, Si, and
Na) did not exert any influence on the corrosion activity with a concentration up to 5%.
However, other studies [17-19] have confirmed that the corrosion resistance can
effectively be improved through the control of the impurity concentration in the base
metal. For instance, for the purpose of achieving the optimum corrosion performance in
the salt water environment, the percentages of the following impurity elements should not
pass the tolerance limits in AZ91: Fe < 50 ppm, Ni < 5 ppm, Cu <300 ppm.
Manganese, zirconium, aluminum, and zinc are important alloying additions that
could effectively contribute to improving the corrosion resistance of magnesium alloys.
Manganese, zirconium, and zinc can modify the corrosion performance of magnesium
alloys through increasing the tolerance limits of impurities and reducing the effects of the
impurity on magnesium alloys once the impurity tolerance has been exceeded [17, 20,
21]. For instance, manganese could not only improve the tolerance limit of Ni [20] but
also improve the tolerance limit of iron to above 20 wt.-ppm for Mg-Al alloys [21]. The
addition of 3% Zn increases the tolerance limit of Fe to 30 wt.-ppm, and effectively
inhibits the corrosion behavior of Mg-Al-Mn alloy with iron concentrations up to 180
3

wt.-ppm [22]. By increasing Al concentrations in Mg-Al alloys, the corrosion resistance
of the materials in the chloride solution environment was improved [23-25]. In general,
the aluminum in Mg-Al alloys is partly in solid solution, and partly precipitated in the
form of Mg17Al12 along grain boundaries as a continuous phase or as the lamellar
structure [26]. It is known that Mg17Al12 can exhibit a better passive behavior over a
wider pH range than either of its components: aluminum or magnesium [26]. It was
found that the distribution of the Mg17Al12 phase, as well as the volume fraction of β
phase (Mg17Al12) in the matrix together determine the corrosion performance of the
magnesium alloys. Song et al. [13] suggested when the volume fraction of β phase was
low, the β phase mainly serves as a galvanic cathode and accelerates the corrosion
process of the α-phase matrix. However, if the volume fraction was high, the β-phase
would act as an anodic barrier to prevent the progression of corrosion attack.
Metallurgical manipulation through alloying with other elements can affect the
corrosion behavior of magnesium alloys, but the roughness of surface finish condition
can also influence the corrosion potential of magnesium alloys. In AE44 magnesium
alloy, the rates of general corrosion, pit nucleation, and pit growth are greater for the
polished coupons as compared to the semi-polished coupons [27], and these values were
1000x times greater on the polished surface as compared to the as-cast surface [27, 28].
These trends were inconsistent with trends observed in the literature. When examining
various aluminum alloys and stainless steel alloys, more active sites would appear on the
rougher surfaces [29-31]. In addition, the diffusion of the corrosion products out of the
forming pits was limited [30, 32], while a stable oxide film would quickly form on the
smoother surfaces, which inhibited pit growth [31]. All these factors resulted in the
4

corrosion condition on the rough surfaces being more severe than on the smooth surfaces.
In the magnesium alloys, the contrary trends were mainly caused by the slow formation
of passive film as compared to the aluminum alloys, as well as the influence of the
remaining as-cast skin that reduces the ability of pitting to occur on the semi-polished
surface [5]. In addition, with respect to the diffusion, since the rough surfaces would limit
the diffusion of the aggressive species into the active sites, the amount of pitting
corrosion on the semi-polished surfaces would also be reduced [5].
The addition of alloying elements and surface finishes are two important factors
that will influence the corrosion resistance of magnesium alloys, the environment to
which an alloy is exposed will also affect the corrosion behavior of the magnesium
alloys. For example, magnesium alloys are relatively stable with respect to corrosion
resistance when exposed to the basic solutions, while experiencing a higher dissolution
rate when exposed to neutral or acidic media [13]. Corrosion testing is usually performed
in two environments: salt spray and immersion. These two testing environments are so
commonly used that ASTM B-117 and ASTM G-31 standards have been developed for
tests conducted in the salt spray environment and the immersion environment,
respectively [33, 34]. However, the salt concentration requirements in the two standards
are different. For the salt spray environment (ASTM standard B-117), the salt
concentration should be 5% sodium chloride (NaCl), while in the immersion environment
(ASTM standard G-31), the salt concentration should be 3.5% NaCl [33, 34]. Therefore,
the results obtained from the two standards cannot be directly compared. If one of the
standards is modified, though, the results could be compared, because the corrosion rate
of magnesium alloys is strongly related to the concentration of chloride ions in the
5

environment. Furthermore, these two standards cannot be fully applied to the automotive
industry, due to the lack of a wet phase and/or a drying phase. These two phases play an
important role in replicating the environments of de-icing salt, mud, and condensation
encountered by the actual automobiles [35, 36]. Moreover, the corrosion tests conducted
by the automotive industry usually contain many different variables, such as temperature,
humidity, exposure time, and salt concentration, indicating an accurate comparison
between these tests cannot be made [35]. In order to solve this issue, it is imperative to
develop a test environment that could duplicate the automotive industry environment, as
well as compare to the immersion environment. The research conducted by Martin et al.
[28, 37] found that the cyclical salt spray environment, consisting of equal times for salt
spray (the pollution phase), humidity (the wet phase), and drying (the drying phase) with
3.5% NaCl proved to be the most severely corrosive environment, after comparing four
different combinations of salt spray environments.
1.3

Multiscale Corrosion Damage Modeling
Multiscale modeling approach uses the existing and emerging methods from

diverse scientific disciplines to calculate material properties or system behavior based on
information or models from different levels. At the higher scale, all of the problems and
the engineering requirements must be defined in order to direct the lower scales. At the
lower scale, it is important to quantify the cause-effect relationships and construct an
information flow to bridge different length scales. Figure 1.1 shows a multiscale
corrosion damage model approach, which concludes nanoscale, microscale, mesoscale,
marcroscale, and structural scale.

6

Figure 1.1

Multiscale approach for corrosion damage modeling

At the nanoscale, Density Functional Theory (DFT) can be applied here to
calculate the interfacial energy, electrochemical activation energy, and surface stability of
a material. At the atomic scale, molecular dynamic simulations can be used to simulate
water molecule dissociation and magnesium dissolution phenomena. On the microscale,
features such as, grain size, particle size, particle number density, particle nearest
neighbor distance, and chemical composition can be quantified under the scanning
electron microscope (SEM). At the mesoscale, electrochemical kinetics of the magnesium
alloys can be determined by using the nanoscale simulation results and microstructural
features. At the macroscale, corrosion damage evolution such as, general corrosion,
7

pitting corrosion, and intergranular corrosion was affected by the mesocale
electrochemical reactions. At the structural scale, the localized pits or intergranular
corrosion can act as stress concentrator and enhance fatigue crack nucleation process,
which causes component failure. In the work presented here, the focus is developing a
multiscale constitutive ISV corrosion damage model that uses the lower length scale
simulations and experimental results.
1.4

Corrosion-Fatigue
The study of corrosion fatigue behavior of metals can be traced back to 1926,

McAdam [38, 39] reported corrosion pits generated in the aggressive aqueous
environment significantly decreased the material’s fatigue life. He also found cyclic
stress can accelerate the localized pitting corrosion rate thus affecting the shape and size
of the corrosion pits. In addition, pits generated during the corrosion fatigue process can
act as stress concentrators and prematurely nucleate the fatigue cracking. The fatigue
crack will initiate from the corrosion pit either when the stress intensity factor around the
corrosion pit reaches the threshold for fatigue cracking [40] or when the fatigue crack
growth rate exceeds the pit growth rate [41]. Among various parameters such as
corrosion time, corrosion pit area, and the square root of the pit area, the pit depth
appeared to be the dominant factor affecting the fatigue life. For the practical purposes to
predict the fatigue life, the deepest corrosion pit depth can be used as the metric for the
prediction [42, 43].
The effect of environments on the corrosion fatigue behavior of materials has
been fairly extensively investigated. Wei [44] examined the effects of distilled water,
hydrogen and oxygen environments over a range of temperatures (room temperature to
8

100 ℃) on the fatigue-crack propagation rate of 7075-T651 alloy within the framework
of linear-elastic fracture mechanics. Wei [44] found that water accelerated the fatigue
crack propagation rate by about a factor of ten in the temperature range of his tests,
whereas dry oxygen and dry hydrogen had a negligible effect. Wei’s results were
consistent with the findings of Hartman [45], Bradshaw and Wheeler [46], who attributed
the faster crack propagation rate to the existence of high pressure hydrogen gas in the
region ahead of the crack tip. The hydrogen gas was formed from water reacted with the
fresh aluminum crack surfaces [47]. Suresh [48] observed the near-threshold crack
growth rates for 2 1/4 Cr- 1 Mo pressure vessel steels tested at low load ratios were
significantly reduced in the moist environments (such as air or water), as compared to dry
environments (such as hydrogen or helium gas). He attributed this phenomenon to the
formation of excess corrosion deposits within the crack surfaces, which enhanced the
crack closure effect and reduced the effective ∆K value at the crack tip. Atrens [49]
studied the influence of pH on the corrosion fatigue behavior of a duplex stainless steel in
4N NaCl solution at 80℃, he found the fatigue strength was significantly reduced when
exposed to the acid solution, because the acidic environment would reduce the stability of
the passive film that formed on the specimen surfaces.
The steady-state fatigue crack growth rates (FCGRs) of long cracks depend
uniquely on ∆K for a fixed load ratio (R) and test environment. The crack growth rates of
small cracks for many steels in aqueous environments are reported to be crack-size
dependent [50-53]. Small cracks could be categorized into three groups [52]:
microstructurally small, mechanically small, and chemically small cracks. The small
cracks mentioned above are chemically small cracks, which are microstructurally and
9

mechanically long, but still exhibit small crack behavior due to different electrochemical
conditions at the crack tip. Later, chemically small-crack effects were observed occurring
on 2024-T3 and 7075-T6 aluminum alloys [54, 55], and the crack growth rates in the
chemically small crack regime was accelerated by a factor of two. They also found
chemically small crack behavior depended strongly on the mechanical driving force ∆K,
load ratio R, and dissolved oxygen concentration, and the crack size effect appeared more
pronouncedly at the lower load (∆K and R) levels and higher oxygen levels. Gall [56, 57]
applied the In-Situ SEM technology to observe the crack growth behavior of a cast
AM60B magnesium alloy in vacuum and water vapor environments; he found the
propagation of small fatigue cracks (a<6-10 dendrite cells) in water vapor environment
grew significantly faster than in the vacuum environment, and the material’s inherent
resistance decreased as the result of hydrogen embrittlement.
With respect to the corrosion fatigue model development, Harlow and Wei [58]
proposed a three-stage probabilistic model, which broke the fatigue life into three stages:
time required for crack initiation, the time for a surface crack to develop into a bulk
crack, and the time for the bulk crack to grow into critical length. This approach neglects
the pit nucleation period and short crack effects. Chen and Wei [59] proposed that the
corrosion fatigue process consisted of pit growth, transition, and crack growth regimes.
They also provided the transition criteria based on the concepts of fatigue crack growth
threshold and pitting/cracking rate competition. Goswami and Hoeppner [60] first
divided the fatigue damage process into seven stages: pit nucleation, pit growth,
transition from pit growth to short crack, short crack growth, transition from short crack
to long crack, long crack growth, and fracture. However, the seven stage concept did not
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have a computational implementation for their model, because the model only included
three parts: electrochemical effects in pit formation, role of pitting in fatigue, and crack
nucleation. Later, Shi [61] developed a comprehensive mechanics based probabilistic
model accounting for all the seven stages, and found the pit nucleation time and the
material constant for the small crack growth are the two most important random variables
affecting the corrosion fatigue life. However, his model only implemented to a single site,
and some mechanisms were still not well understood as a result of limited experimental
data.
1.5

Dissertation Structure
Chapter I provided general summary of the research and gave a general literature

review of the topics to be covered.
Chapter II shows experimentally-based mechanisms associated with general,
pitting, and filiform corrosion at various intervals for extruded AM30 magnesium alloy
exposed to a cyclical salt spray and immersion environment. The three mechanisms were
quantified using optical microscopy, Laser profilometry, and SEM coupled with EDX for
over 60 h of testing. General corrosion and pitting corrosion were more severe in the
immersion environment, and filiform corrosion was more severe in the salt-spray
environment. The presence of a sodium ion (Na+) diffusion region around the edge of the
corrosion pits functioned as cathodic sites, accelerating the localized pitting corrosion
rates in immersion environment.
Chapter III proposes a multiscale ISV inelasticity corrosion damage model for
magnesium alloys. This model adds the corrosion ISVs to the Bammann [62-64] and
Horstemeyer [65, 66] thermomechanical plasticity model, but also relates different
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corrosion mechanisms (general corrosion, pitting corrosion, intergranular/filiform
corrosion) to materials’ microstructure features based on the corrosion framework of
Walton [67]. In addition, the implementation of the model also presented in this chapter.
Chapter IV shows a study of the fatigue behavior of an extruded AM30
magnesium alloy affected by different environments. Load controlled fatigue tests were
carried out in two environments (i) in laboratory air (20-30 % RH) and (ii) in 3.5% NaCl
solution (PH=7) with a loading frequency of 5 Hz and a stress ratio that equals zero.
Fatigue life and strength were significantly reduced for the corrosion fatigue specimens,
due to the formation of pitting corrosion and filiform corrosion on the surface that acted
as stress concentrators, thus enhancing the crack nucleation process. In addition, the
occurrence of hydrogen embrittlement, anodic dissolution at the crack tip and crack
incubation region, enhanced crack growth rate in the corrosive environment.
Finally, Chapters V provides the general conclusion of this study and gives
recommendations for the continuing of this research.
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CHAPTER II
CORROSION BEHAVIOUR OF AN EXTRUDED AM30 MAGNESIUM ALLOY
UNDER SALT-SPRAY AND IMMERSION ENVIRONMENTS

2.1

Introduction
Among various commercial magnesium alloys, AM (Mg–Al–Mn) series and AZ

(Mg-Al-Zn) series are the most widely used, because of their excellent mechanical
properties [68, 69]. The addition of aluminium has been investigated and shown that,
when added in percentages up to 10%, the corrosion resistance improved [6]. The
distribution of the aluminium, though, was responsible for the change in corrosion
resistance [5-8]. When the -phase, consisting of Mg17Al12, was continuous and finely
divided, corrosion resistance improved [5, 7, 8]. However, when the -phase was small
and formed as intergranular precipitates, microgalvanic cathodes were formed, thus
decreasing the corrosion resistance of the magnesium alloys [7]. The addition of
manganese was used to achieve better mechanical strength and reduce the harmful effects
of iron (Fe) to improve corrosion resistance. However, Mn will induce the formation of
randomly distributed secondary Al-Mn particles, Al-Mn-Fe particles, and/or β- Mg17Al12
phase particles [70]. These compounds exhibit a fairly high cathodic potential, and the
potential value of Al-Mn particles and/or β- Mg17Al12 phase may be 300 mV, 50-100 mV
greater than the surrounding magnesium matrix [71]. Most Al-Mn intermetallic
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compounds contain 0~2.5 wt.% Fe to form various AlxMnyFez particles with highly
irregular shapes; the average dimension of the Al-Mn particles is about 300 nm [71, 72].
Al-Mn and Al-Mn-Fe compounds are more electrochemically detrimental than βMg17Al12 phase, because a stronger microgalvanic cell is formed, further increasing the
corrosion of magnesium alloys [73-75].
The most commonly used AM (Mg-Al-Mn) series magnesium alloys are AM30,
AM50, AM60, and AM70. AM30 is a newly developed alloy [76], meaning there is
currently not an ASTM standard specifying the chemical composition limits for AM30
[77]. AM30 is a single phase alloy [77, 78] consisting of α-phase [hexagonal closed
packed phases]. The extruded AM30 contains some Al-Mn intermetallics randomly
distributed in the α-Mg matrix and some coarse grains on the extruded surfaces [77].
Grains on the extrusion sample were slightly elongated along the extrusion direction, and
the average grain size increased from the top surface to the central region gradually [77]
as shown in Figure 2.1. The corrosion rate of the AM30 was lower than ZE41 and AM60,
but was greater than AZ31, AZ91, and pure magnesium [9, 79]. The lower corrosion
resistance of AMxx alloys was attributed to the more effective cathodic Al-Mn particles
and less corrosion resistant surface film compared with the AZxx alloys [75]. The
corrosion phenomenon of AM30 is more localized and has a large variance in the
localized corrosion pit formation [9].
Currently, there is not a single article that fully illustrates and quantifies the
different corrosion mechanisms for the AM30 magnesium alloy. In this article, different
corrosion mechanisms of AM30 magnesium alloy are studied in two corrosive
environments, a cyclic salt spray environment and an immersion environment, up to 60
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hours. The weight loss and thickness loss were measured using scales and callipers,
respectively. The stereological data were measured and analyzed using the nondestructive methods of optical microscopy and laser profilometry to study the surfaces
and document changes to the surface over 60 h. Scanning Electron Microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDS) were used to analyze the corrosion
products and localized corrosion pits.
2.2
2.2.1

Materials and Methods
Testing
Twelve AM30 coupons (2.54 cm x 2.54 cm x varying thicknesses) were cut from

an extruded crash rail provided by Timminco Corporation (Aurora, CO ) using a CNC
Mill (Haas, Oxnard, CA). The coupon surfaces were left untreated to test the corrosion
effects on an extruded AM30 magnesium alloy. Two different testing environments were
used in this study: salt spray testing and immersion testing. For salt spray testing, a QFog CCT (Q-Panel Lab Products, Cleveland, OH) was used to cycle through three stages
set at equal times, including a 3.5 wt.% NaCl spray at 35oC, 100% humidity of distilled
water spray at 35oC, and a drying purge at 35oC. For immersion testing, an aquarium with
an aeration unit was filled with 3.5 wt.% NaCl at room temperature. For both tests, the
six coupons per test environment were hung at 20o to the horizontal axis, as
recommended by ASTM B-117 [33]. The coupons were exposed to the test environment
for 1 h (salt spray test consisted of 20 min spray, 20 min humidity, 20 min dry, and
running for 1 cycle), removed, rinsed with distilled water to remove excess salt, dried,
and stored in a desiccator. Following the surface analysis, the coupons were then placed
back into the test environment for an additional 3 h (salt spray test consisted of 1 h spray,
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1 h humidity, 1 h dry, running for 1 cycle), an additional 8 h (salt spray test consisted of
1:20 h spray, 1:20 h humidity, 1:20 h dry, and running for 2 cycles), an additional 24 h
(salt spray test consisted of 1 h spray, 1 h humidity, 1 h dry, running for 8 cycles), and
another 24 h (salt spray test consisted of 1 h spray, 1 h humidity, 1 h dry, and running for
8 cycles). These times allowed for a longitudinal study to follow pit growth and surface
changes over time, where t0 = 0 h, t1 = 1 h, t2 = 4 h, t3 = 12 h, t4 = 36 h, and t5 = 60 h.
Between analyses and environmental exposures, the coupons were stored in a desiccator
to ensure that no further surface reactions occurred.
2.2.2

Microstructure Characterization
Surfaces of the metallographic samples were ground on progressively finer emery

paper ranging from 1200 grit to 4000 grit, polished by 3, 1, and 0.05 µm diamond
suspension solutions, and then etched with solution consisting of 5 ml acetic acid, 3 g
picric acid, 10 ml H2O, and 100 ml ethanol to observe the microstructure morphology of
the untested AM30. After samples were exposed to the two environments for 60 hours,
the corroded samples were cut by a diamond saw to observe their cross sections, and
ethanol was sprayed to prevent further corrosion from occurring at the same time. The
samples were polished with a series of emery papers to 4000 grit by hand, with continued
spraying of 100% ethanol. The localized corrosion pits and corrosion products generated
in both environments were analyzed by an optical microscope (Axiovert 200M Mat, Carl
Zeiss Imaging Solutions, Thornwood, NY) and scanning electron microscopy (FEGSEM, Zeiss SUPRA 40) coupled with energy dispersed X-Ray spectroscopy (EDS)
system.
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2.2.3

Analysis
Following each time exposure, the coupons were analyzed using optical

microscopy and laser profilometry. The coupons were weighed prior to testing and
following each exposure on two different scales and an average was taken. Four thickness
measurements were taken on each sample prior to and following the test using callipers.
Because the coupons were cut from the extruded rail, the thicknesses of the coupons
varied from side to side, meaning an average was taken per coupon based on the four
measurements. Measurements for all figures were averaged from the data with error bars
based on one standard deviation.
Optical microscopy with an inverted light was used to take multiple images of the
resulting surface at 5x magnification and 10x magnifications (Axiovert 200M Mat, Carl
Zeiss Imaging Solutions, Thornwood, NY). The 5x magnification images were combined
and then analysed using the ImageAnalyzer (v. 2.1-2) provided by Mississippi State
University to determine the number of pits, the nearest neighbour radius, and the filiform
corrosion area fraction necessary for the development of a corrosion model not detailed
in this paper but previously outlined [65, 80-82]. The 10x magnification was used to
pictorially show the changes over the six cycles. Laser profilometry was used to scan a 1
mm by 1 mm area on two coupons per environment following each test cycle (Talysurf
CLI 2000, Taylor Hobson Precision Ltd, Leicester, England) to get 3-D image of surface
roughness. The resulting 3-D images were used to document the changes in the pit
characteristics (pit area, pit depth, pit volume) due to the different test environments over
the six cycles, as calculated by the software (Talymap Universal, v. 3.18, Taylor Hobson
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Precision Ltd, Leicester, England). Data was collected based on twelve pits within each 1
mm by 1 mm area, for a total of twenty-four data points per environment per cycle.
2.3

Results
Figure 2.1 shows the optical microstructure of AM30 magnesium alloy in the

short transverse direction (S), longitudinal transverse direction (L), and transverse
extrusion direction (T), respectively. As one can observe, AM30 consists of only the α
phase with many Al2Mn particles randomly located in grains of different size. The
average size of Al2Mn is 47 μm2, average nearest distance between Al2Mn particles is
25.8 μm, and can clearly be observed on the extrusion surface. The grain size becomes
larger from the top extrusion surface to the middle depth of cross section, with the largest
grain length approximately 900 μm, and elongated towards the extrusion direction, as
demonstrated on the short transverse extrusion and longitudinal transverse extrusion
surfaces. Grains on the extrusion direction surface are almost equiaxed, with some twins
occurring, as observed on the top extrusion surface.
Figures 2.2-2.3 show the energy dispersive X-Ray spectroscopy (EDS) mapping
of the chemical composition of localized corrosion pits on samples exposed to the salt
spray environment (Figure 2.2) and the immersion environment (Figure 2.3) for 60 hours.
Before doing the EDS test, specimens were hand polished with ethanol using the emery
paper, without mounting or applying any alumina suspension. In Figures 2.2-2.3, light
colours indicate the presence of the elements while the dark colour implies absence of
elements in that region. For the salt spray sample (Figure 2.2), carbon was mainly
concentrated in the oxide film, and only a small portion of carbon was presented in the
corrosion pit. For the salt spray sample (Figure 2.2) oxygen was present not only in the
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corrosion pits, but also in the oxide layer on the top surface of the sample. Sodium ion
mainly appeared on the top oxide layer and was not present in the corrosion pits, while
chloride primarily occurred in the centre of corrosion pits. For the immersion sample
(Figure 2.3) oxygen was concentrated in both the localized corrosion pit and the surface
corrosion film, with a strong intensity occurring around the outside of the localized
corrosion pit. Sodium ion was concentrated at the edge of localized corrosion pit and also
diffused into the substrate region surrounding the corrosion pit.

Figure 2.1

Optical microstructure of AM30 showing the short transverse direction (S),
transverse extrusion direction (T), and longitudinal tranverse direction (L),
respectively.

Notice the scale bar for every direction is 200 μm. AM30 consisted of an α phase and an
intermetallic phase (Al2Mn), with Al2Mn randomly distributed in the grains. The grain
size is over 200 m in the extrusion direction, and the biggest grain in transverse
directions reaches 900 m. The grain size grew larger from the extrusion surface to the
centre depth of the material, and the grains elongated along the extrusion direction. Note
the twins on the short extrusion face.
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Figure 2.2

X-ray mapping of the cross section of a corrosion pit on a sample exposed
to the salt spray environment after 60 h.

The distribution of Mg, C, Cl, O, and Na elements was shown, where the light colours
indicate the presence of each element and the dark colour indicates the absence of each
element.

Figure 2.3

X-ray mapping of the cross section of a corrosion pit on a sample exposed
to the immersion environment after 60 h.

The distribution of Mg, Al, O, Cl, and Na elements were shown, where light colours
indicate the presence of elements and the dark colour indicates the absence of each
element.
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Figure 2.4

The average weight change of the extruded AM30 coupons based on a test
environment over 60 hours.

The error bars were one standard deviation in each direction. The coupons exposed to the
salt spray environment gained weight throughout the experimental time due to corrosion
product residuals. The coupons exposed to the immersion environment lost weight
gradually throughout the experimental time.
Figures 2.4 and 2.5 show the maximum weight loss and thickness loss of the
coupons, over the five exposure times for the salt spray and immersion environments,
respectively. In both Figures 2.4 and 2.5, an increase indicates gain, in either weight or
thickness, while a decrease indicates loss, in either weight or thickness. As one can
observe, for the salt spray environment, the specimens gradually gained weight over time
(Figure 2.4), and the specimens initially lost thickness before 12 h, then started to gain
thickness until 36 h, after which the thickness decreased to 60 h (Figure 2.5). For the
immersion environment, the specimens lost weight slightly over time (Figure 2.4), and
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the specimens initially experienced a lost in thickness before 12 h, then they began
gaining thickness until 36 h, after which the thickness decreased to 60 h (Figure 2.5).

Figure 2.5

Average thickness change of AM30 coupons based on test environment
over 60 hours.

The error bars were one standard deviation in each direction. Notice that before 12 h,
both tests initially experienced thickness loss. However, after 12 hours, the coupons
exposed to both environments started to gain thickness. After 36 hours, coupons exposed
to the both environments began losing thickness until 60 hours.
Figures 2.6-2.7 show the oxide film morphology on samples exposed to salt spray
(Figure 2.6) and immersion (Figure 2.7) corrosive environments for 60 hours. From
Figure 2.6, the corrosion film on the salt spray sample presented a two-layered structure
consisting of an inner compacted circular region (Figure 2.6c) and outer honeycomb
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corrosion layer (Figure 2.6d). Notice the outer honeycomb corrosion layer was very thin
and grew perpendicular to the sample surface.

Figure 2.6

Corrosion products on the salt spray sample after 60 h.

(a) Cross section of the salt spray specimen. (b) Cross section of the overall corrosion
layers. The corrosion crust on the salt spray environment consisted of two layers: the
inner protective corpuscle particle layer and the outer thin porous layer. (c) The
morphology of inner layer consisted of compacted circular corrosion product. (d) The
morphology of outer thin, honeycomb layer.
Figure 2.7 shows the corrosion film on the immersion samples exhibiting a threelayered structure with an intermediate dense region (Figure 2.7d) and an outer layer with
platelet-like morphology (Figures 2.7a, 2.7c). In addition, beneath the intermediate dense
layer, there was also a sodium ion-penetration innermost layer (Figure 2.7b). Its
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composition was similar to the substrate material, but also contained a small amount of
oxygen in the sodium penetration region. The outer layer (Figure 2.7c) consisted of many
platelet-like flakes grown in different directions (Figure 2.7c) and was stacked layer over
layer. In addition, the outer layer was not as dense as the intermediate layer. The layer
thickness for the intermediate layer and outer layer were 6.7 μm - 6 μm, and 22 μm - 66
μm, respectively.

Figure 2.7

Corrosion products on the immersion sample after 60 h.

Corrosion products on an immersion sample consisted of three layers: an outer plateletlike layer, the innermost sodium diffuse region, and the intermediate dense, compacted
layer. (a) Higher magnification of outer platelet-like layer. (b) The innermost sodium
penetration region, as shown by the arrow. (c) Top view of the outer platelet-like layer.
(d) Intermediate dense, compacted layer.
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Figure 2.8 shows the change in the pit number density over time, which is the
number of pits per unit area, for both the salt spray environment and the immersion
environment. The pit number density is a quantitative value for the pit nucleation rate.
The pit number density for the salt spray environment decreased to 36 h, after which an
increase was detected. For the immersion environment, the pit number density initially
increased to 12 h, then decreased to 36 h, after which an increase was observed.

Figure 2.8

Pit number density based on test environment over 60 hours.

The error bars were one standard deviation in each direction. Notice that the pit number
density on the salt spray surface experienced a decrease until 36 hours, after which it
increased to 60 hours. The pit number density on the immersion surface increased to 12
hours, then decreased until 36 hours, after which it increased to 60 hours.
Figure 2.9 shows the changes of the in-plane pit area, which is the 2-D area
covered by the pits as observed by the micrographs for the immersion and salt spray
environments. Notice that the error bars were very large from t4 (36 h) to t5 (60 h),
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indicating that there was a large variation in the area of the pits. For the salt spray
environment, the in-plane pit area increased as time increased. For the immersion
environment, the in-plane pit area increased until 36 h, after which it decreased.

Figure 2.9

In-Plane pit area based on test environment over 60 hours.

The error bars were one standard deviation in each direction. Notice that the initial inplane pit area for both environments was approximately the same. The in-plane pit area
for the salt spray environment increased slightly over the entire exposure periods. The inplane pit area for the immersion environment initially increased to 36 h; after 36 h, the inplane pit area decreased to 60 h.
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Figure 2.10 shows the changes in average pit depth over 60 h for both
environments. For the salt spray environment, the pit depth gradually increased to 60 h,
with the final pit depth being deeper than the original pit depth. For the immersion
environment, the pit depth experienced a decrease at the beginning 1 h, then it increased
to 12 h, after which it decreased to 60 h.

Figure 2.10

Maximum pit depths based on test environment over 60 hours.

The error bars were one standard deviation in each direction. Notice that the maximum
pit depth for the salt spray environment experienced a slight increase to 60 hours. The
maximum pit depth for the immersion environment experienced a decrease at the very
beginning 1hour, then it increased to 12 hours before decreasing to 60 hours.
Figure 2.11 shows the changes in the individual pit volume over 60 h for both the
salt spray environment and the immersion environment. The pit volume for the salt spray
environment increased throughout the entire experimental exposure. Note that the error
bars increased following t4, indicating that there was a large variation in the volume of
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the pits. The pit volume for the immersion environment did not appear to change
throughout the exposure time.

Figure 2.11

Individual pit volume based on test environment over 60 hours.

The error bars were one standard deviation in each direction. Notice that the initial pit
volume was approximately the same for both the salt spray environment and the
immersion environment. The pit volume for the salt spray environment increased
throughout the entire experimental exposure. The pit volume for the immersion
environment remained mostly constant over the entire experimental exposure.
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Figure 2.12

SEM micrographs of a salt spray specimen after 60 h with different sizes of
corrosion pits on the surface.

(a) General corrosion surface morphology for salt spray sample after 60 hours. (b) A
small corrosion pit grew under a thin layer of corrosion film. (c) A localized corrosion pit
with part of the corrosion products removed. (d) Large corrosion pits, which may be the
result of pit coalescence. Note the blue lines are the outlines of the corrosion pits where
some corrosion products were removed.
Figures 2.12-2.13 show the microstructure morphology of localized corrosion pits
(cross section) on samples after exposure to salt spray (Figure 2.12) and immersion
corrosive environments (Figure 2.13) for 60 hours. Figure 2.12a shows the general
corrosion surface morphology for salt spray sample after 60 hours, where some corrosion
products aggregated near the corrosion pits. Figures 2.12b, 2.12c, and 2.12d are cross
sections of localized corrosion pits for the salt spray sample shown at different stages of
growth. Figure 2.12b shows a small corrosion pit under a thin layer of corrosion film that
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could not clearly be observed from the top view. Figures 2.12c and 2.12d were two
localized corrosion pits where some of the corrosion products were removed. The blue
lines in both Figures 2.12c and 2.12d are outlines of the pits exposed to the air
environment. Figure 2.12d appeared to be a large corrosion pit that was resulted from two
nearby pits coalescing.

Figure 2.13

SEM micrographs of an immersion specimen after 60 h with different sizes
of corrosion pits on the surfaces.

(a) General corrosion surface morphology for an immersion sample after 60 hours. (b) A
small corrosion pit grew under a corrosion layer that was much thinner than nearby
corrosion layers. (c) A corrosion pit with its mouth partially opened. (d) A corrosion pit
with its mouth fully opened.
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Figure 2.13a shows the general corrosion surface morphology for an immersion
sample after being tested for 60 hours. Figures 2.13b, 2.13c, and 2.13d show cross
sections of localized corrosion pits on the immersion sample at different stages of growth.
Figure 2.13b shows a small corrosion pit that grew under a corrosion layer that was much
thinner than nearby corrosion layers. In Figure 2.13b, the corrosion products were still in
the corrosion pits. Figures 2.13c and 2.13d show corrosion pits where the corrosion
products were removed from the pits; Figure 2.13c shows a corrosion pit with its mouth
partially opened, while Figure 2.13d shows the corrosion pit with its mouth fully opened.

Figure 2.14

Nearest neighbour distance based on test environment over 60 hours.

The error bars were one standard deviation in each direction. Notice that the nearest
neighbour distance for the salt spray surface increased to 36 h before decreasing to 60 h.
The nearest neighbour distance for the immersion environment decreased to 4 h before
increasing to 60 h.
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Figure 2.14 shows the changes in the nearest neighbour distance, which is the
distance between two pits, for the two environments being tested. In the salt spray
environment, the nearest neighbour distance increased up to 36 h, before decreasing to 60
h. For the immersion environment, the nearest neighbour distance decreased prior to 4 h,
after which the nearest neighbour distance increased to 60 h.

Figure 2.15

Surface roughness based on test environment over 60 hours.

The error bars were one standard deviation in each direction. The surface roughness for
the salt spray surface gradually increased prior to 12 h before experiencing a large
increase to 60 h. The surface roughness for the immersion environment increased to
approximately 36 h before reaching a saturation point. Notice that the surface roughness
on the salt spray surface was initially less than the immersion environment.
Figure 2.15 shows the changes in the arithmetic average of surface roughness for
samples under the salt spray and immersion corrosive environments. For the salt spray
environment, the surface roughness remained the same prior to 12 hours and then
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increased from 2.64 μm (12 h) to 11.5 μm (60 h). For the immersion environment,
surface roughness increased to 5.85 μm during the initial 4 hours. Between 4 h and 12 h,
the surface roughness was unchanged, after which it increased to 7.1 μm at 60 h. Surface
roughness for the immersion environment was higher than for the salt spray environment
before 36 h. After 36 h, surface roughness for salt spray environment was higher than for
the immersion environment.

Figure 2.16

Filiform Corrosion Area Fraction (FCAF) based on test environment over
60 hours.

The error bars were one standard deviation in each direction. The FCAF on the salt spray
surfaces initially experienced an increase to 4 h, then decreased to 12 h, after which it
increased until 60 h. The FCAF on the immersion environment increased throughout the
experimental period. The FCAF on the salt spray environment was slightly higher than
the immersion environment.
Figure 2.16 shows the changes in the filiform corrosion area fraction (FCAF) for
the samples under the salt spray and immersion corrosive environments. FCAF is the
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fraction of the surface that displays filiform corrosion, and the FCAF value for the salt
spray environment was almost twice as large as the FCAF value for the immersion
environment. For the salt spray environment, the FCAF increased to t2, then decreased to
t3, and increased until t5. For the immersion environments, the FCAF increased
throughout the experimental period.

Figure 2.17

3-D Laser Profilometry of the salt spray surface over 60 hours

All spots were examined over a 250 μm x 250 μm area. Height measurements were made
from the lowest point, shown as dark blue and listed as zero in the legend, to pink and red
areas that indicate height. Notice that the number of pits began increasing and connecting
with neighbouring pits following t1. The pits began shrinking in size between t2 and t4.
After t4, more pits appeared on the surface, and began connecting with the adjacent pits.
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Figure 2.18

3-D Laser Profilometry of the immersion surface over 60 hours.

All spots were examined over a 250 m x 250 m area. Height measurements were made
from the lowest point, shown as dark blue and listed as zero in the legend, to pink and red
areas that indicate height. Notice that the number of pits initially grew in number from t1
to t3, and began to connect with neighboring pits following t1. Within the period from t3
to t4, pits began decreasing in size. Following t4, the overall pit size on the surface began
increasing again.
Figures 2.17-2.18 show the changes in individual pit characteristics in 3-D over
60 h for both the salt spray environment (Figure 2.17) and the immersion environment
(Figure 2.18) using laser profilometry. Both figures are organized to illustrate the changes
between individual pits covering an area of 250 μm by 250 μm for each of the times
examined, where t0 = 0 h, t1 = 1 h, t2 = 4 h, t3 = 12 h, t4 = 36 h, and t5 = 60 h. The colours
displayed in the figures indicate distance from the lowest point within the pits, as shown
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by shades of blue and listed as zero in the legend, to the highest point, as shown by the
pinks and reds.
With respect to the salt spray surface (Figure 2.17), between t1 and t4, the pits
decreased in number and increased in size by coalescing with neighbouring pits, and the
depth of pits reached the ultimate value of 32 μm at t3. After t4, the remaining pits
coalesced with adjacent pits as large pits appeared. When examining the immersion
surface (Figure 2.18), the sample surface did not change much between t0 and t1. Between
t1 and t3, both the number of pits and the average size of pits grew dramatically, with the
pit depth reaching an ultimate value of 34 μm, with a large portion of the surface covered
in pits, as illustrated by the high amount of the colour blue. Between t3 and t4, the pit
number and pit depth decreased, again demonstrated by the increased presence of the
colours of yellow and red. Following t4, the pit size dramatically increased, as the
surrounding pits coalesced, but the pit depth decreased, as large amounts of red and
yellow regions appeared; the maximum depth of the pit was 18 μm.
Figures 2.19-2.20 show the changes in surface characteristics using micrographs
over 60 h for both the salt spray environment (Figure 2.19) and the immersion
environment (Figure 2.20). The figure is arranged to show the changes between the
surfaces covering an area of 1 mm by 1 mm with scale bars of 1000 μm for each of the
times examined, where t0 = 0 h, t1 = 1 h, t2 = 4 h, t3 = 12 h, t4 = 36 h, and t5 = 60 h.
Examining the salt spray surface, one can observe some surface defects at t0 (Figure
2.19), and pits grew from the extrusion defects, as indicated by the arrows in t0-t2. The pit
number decreased from t0 to t4, but the pit area increased from t0 to t4. Following t4, the
pits increased in number and size. At t5, the established pits coalesced with neighbouring
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pits, as the pit corrosion expanded across the surface, shown by the large dark area
covering a large portion of the surface. The lines running horizontally across the surface
are caused by the extrusion process. Examining the immersion surface, one can observe
that the established pits grew and coalesced following each exposure, resulting in a
heavily corroded surface starting from t2 and continued to t5 (Figure 2.20). Also, at t5,
“cloudy” areas near the top and bottom of the image indicate the presence of salt
residuals, trapped within the large corroded areas. As with the salt spray surfaces, the
lines running horizontally in t0-t1 are the extrusion lines. In addition, the filiform
corrosion spread across the surfaces from t1 to t5 for both salt spray and immersion
environments, as observed in t1-t5.

37

Figure 2.19

Micrographs of the salt spray surface over 60 hours.

All spots were examined over a 1 mm x 1 mm area, with scale bars of 1000 m each. The
darker areas indicate pit formation and coalescence, while the lighter areas indicate
surfaces closer to the light and those affected by general corrosion. Notice that the pits
decreased in number through t1, and increasing in number following t4. Also notice the
pits grew in area through t5. The arrows mark extrusion defects where pitting occurred.
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Figure 2.20

Micrographs of the immersion surface over 60 hours.

All spots were examined over a 1 mm x 1 mm area, with scale bars of 1000 μm each. The
darker areas indicate pit formation and coalescence, while the lighter areas indicate
surfaces closer to the light and those affected by general corrosion. Notice that the pits
grew in number and area through t1, while decreasing in area following t4.
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Figure 2.21 shows the filiform corrosion morphology of a fully polished AM30
sample immersed in 3.5% sodium chloride solution for 1 h. The filiform corrosion only
occurred on part of the surface, approximately covering 25%.

Figure 2.21

2.4
2.4.1

Filiform corrosion morphology of a fully polished AM30 sample immersed
in 3.5% NaCl solution for 1 h.

Discussion
Corrosion Mechanisms in Salt Spray and Immersion Environment
Corrosion behaviour of magnesium alloys in an atmospheric environment differs

considerably from an immersion environment [83, 84]. Tomashov et al. [84-86] reported
that the main cathodic process in an immersion environment is water reduction, while the
cathodic process in an atmospheric environment is attributed to both oxygen reduction
and water reduction within thin electrolytic layers. The EDS mapping of salt spray
specimen (Figure 2.2) shows a high concentration of oxygen and carbon in the upper
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corrosion layer, while oxygen and magnesium are the main productions within the pits.
The presence of oxygen and carbon indicates that CO2 reacted with the specimen exposed
to the salt spray environment. While only oxygen and magnesium in the corrosion pit,
indicating brucite was the primary corrosion product in the corrosion pits [87]. While
brucite is not thermodynamically stable at levels of CO2 in the atmosphere [88], the
existence of brucite beneath the corrosion film is due to the compacted corrosion film
(Figure 2.6 b, c, d), which prevents CO2 and O2 from penetrating into the corrosion pits
and converting brucite to another compound [89].
Magnesium corrosion in aqueous sodium chloride solution was attributed to an
electrochemical mechanism [90]. The anodic reaction is the same as the salt spray
environment, while the cathodic reaction is different for the immersion environment.
When observing the secondary electron SEM image (Figure 2.3), a relative dark colour
appeared peripherally to the corrosion pits. EDS mapping identified that the dark colour
region was to be enriched in sodium ion (Na+) and oxygen elements (Figure 2.3). The
concentration of these two elements diminished gradually as the distance from the edge
of corrosion pits increased (Figure 2.3 SEM image). In addition, there is little chloride
and aluminium existing in the dark area, while most of the chloride appears in the inner
pit cell. Based on Lindström et al. [91] the dark sodium enriched region is the cathodic
site, while the chloride enriched region is the anodic site. The aggregation of sodium by
diffusion/migration, as well as the production of hydroxide and hydrogen caused the
region to exhibit a high pH [91]. The presence of hydroxide led to an oxygen intensity
appearing at the fringe of the corrosion pits, while the copious sodium diffusion region
was peripherally located next to the high oxygen region. The combined presence of
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oxygen and sodium indicates that the sodium ion penetration region is the main cathodic
site. The chloride copious region results in the relative low pH in the localized cell,
producing either the soluble Mg(OH)2Cl2 or MgCl2 products [90, 92]. These products
further enhance the anodic dissolution process.
When comparing the two environments, the localized corrosion attack is different
between the environments. For the salt spray environment, the sodium copious region is
located only on the top surface of the corrosion sample, while the chloride enriched
region is located at the centre of the corrosion pits [91]. The corrosion attack propagates
towards the lateral direction space. For the immersion environment, however, sodium ion
penetrates into the whole substrate near the pit fringe, while the chloride concentration is
almost the same throughout the pit interior. In addition, the corrosion further increases
because the gradient concentration is enhanced by convection in the electrolyte, making
the development of a passive area difficult. The difficulty in forming a passive layer
allows the sodium to migrate into the substrate surrounding the localized corrosion pit,
exacerbating the corrosion attack, which makes the immersion environment more
detrimental than the salt spray environment.
2.4.2

Model Development
The following conceptual model is presented in order to theoretically place the

different mechanisms in a framework for future mathematical modelling based on the
work of Horstemeyer et al. [65] as detailed below:

  GC  PC  IC
and the associated rate equation is given as the following,
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(2.1)

  GC  PC  IC

(2.2)

where  is the total damage, and  is the total damage rate, which can be thought of as
the area fraction or volume fraction lost. GC is the area or volume fraction lost due to
general corrosion, while GC is the time rate of change of the volume fraction (or
thickness change) related to general corrosion and is chemically a function of a reaction
between water and magnesium (no chlorine is involved), so it affects both the grain and
eutectic regions.  PC is the area or volume fraction lost due to pitting corrosion, and PC
(pitting corrosion rate) is the time rate of change of the volume fraction related to pitting
corrosion where chlorine is required for nucleation, growth, and coalescence, and it
affects the grain interior more so than the eutectic region.  IC is the area or volume
fraction lost due to intergranular corrosion, IC ( intergranular corrosion rate) is the time
rate of change of the volume fraction related to intergranular corrosion and is solely a
function of water and a reaction between two dissimilar metals (a microgalvanic cell) and
thus affects the eutectic region more so than the grain interior. However, for the corrosion
of AM30 magnesium alloy, intergranular corrosion does not occur on the surfaces.
Instead, filiform corrosion is present, which occurs under some coatings/protective layer
in the form of randomly distributed threadlike filaments. To make the model consistent,

 IC and IC have been changed to FC and FC . FC is the area or volume fraction lost
due to filiform corrosion, FC ( filiform corrosion rate) is the time rate of change of the
volume fraction related to filiform corrosion and it is affected by the protective surface
film on the magnesium substrate, where the cathodic reaction was driven by hydrogen
43

evolution in immersion environment [86, 93-95]. The mathematical model for the
corrosion process was modified into the following form,

  GC  PC  FC

(2.3)

  GC  PC  FC

(2.4)

In this context, pitting corrosion rate is defined as the following:

PC    v  c
p

p

p

(2.5)

where  p is the time rate of change of the volume fraction related to nucleation of pits;

v is the time rate of change of the averaged volume fraction related to the growth of
p

pits; c p is the time rate of change of the averaged volume fraction related to the
coalescence of pits.
In this context, the pitting nucleation rate, pitting growth rate, and pitting
coalescence rates are defined as the following:

  vc

(2.6)

v  vc

(2.7)

c  vc

(2.8)

p

p

p

where  is the pit nucleation,  is the nucleation rate of the pits, and both can be
directly measured by the pit number density; v is the pit growth, v is the pit growth rate
of the pits, and both can be measured by the average volume of the pits; c is the
coalescence of the pits, c is the coalescence rate of the pits, and both are a function
including the nearest neighbour distance.
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In this context, the pitting growth rate can be expanded as follows:

 



1 2
r d  r 2 d
3



(2.9)

where r is the radius of the pits determined from the in-plane pit area, and d is the
depth of the pits determined from laser profilometry. The conceptual model that is
introduced here can describe and unite the different corrosion mechanisms (general,
pitting, and intergranular or filiform) in terms of measurable quantities (pit number
density, pit area, pit nearest neighbour distance, and volume/mass loss). It is with this
framework that the discussion will proceed.
2.4.3

General Corrosion
Figures 2.4 and 2.5 show the changes in weight and thickness as a function of

time, respectively, for coupons in the salt spray environment and the immersion
environment. The difference in weight and thickness for these two environments is
caused by the difference in general corrosion rate, corrosion product formation, and
dissolvability of the corrosion products.
Figures 2.4 shows the weight change of salt spray specimen increased throughout
the exposure time. Figure 2.5 shows the thickness of specimen in salt spray environment
initially experienced a decrease to 4 h, then the thickness began to grow until reaching the
highest point at 36 h, after which it decreased to 60 h. This indicates that general
corrosion rate is the highest at the initial 4 h, since the magnesium is exposed to the
corrosion environment without any protective film. After 4 h, corrosion products
gradually build on the top of specimen surfaces and become stable, preventing the
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aggressive electrolyte from reaching to the fresh magnesium surface. Thus, the general
corrosion rate decreases gradually between 4 h and 36 h and becomes lower than the
initial 4 h. As shown by Figure 2.6, the corrosion film generated in the salt spray
environment has two layers. Therefore, when the corrosion layers’ thickness increases to
the highest point at 36 h, the mismatch between the corrosion products’ unit cell (from
the base to the layers) will induce the mechanical stress between the corrosion layers,
resulting in the rupture of corrosion film. The rupture of corrosion film will allow the
aggressive electrolyte to easily contact to the substrate and brush away the broken
corrosion film pieces, reducing the corrosion film thickness. This process accelerates the
general corrosion rate as compared to the time period between 4 h and 36 h.
For the immersion environment, the specimen’s weight experienced a decrease
throughout the exposure period, though the fast changes were at the beginning (4 h) and
end (last 24 h). The immersion specimen’s thickness initially decreased to 1 h before
growing to 36 h, after which the thickness decreased to 60 h. Combining Figures 2.4 and
2.5, the general corrosion rate was the highest at the very beginning 1 h, because no
protective layer existed on the surface. Between 1 h and 36 h, corrosion products
aggregate on the specimen surface and gradually become passive on the surface,
protecting the magnesium surface from being eroded away by general corrosion.
Therefore, the general corrosion rate begins decrease with the exposure time during t1 to
t4. Since the corrosion products generated in the immersion environment consist of three
layers (Figure 2.7), the mechanical stress caused by the mismatch between corrosion
products’ unit volume cell will become more pronounced as with the corrosion layers
thicken [96, 97]. When the corrosion layer reaches the highest point at 36 h, the
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mechanical stress also reaches the highest value, causing the rupture of corrosion film.
After the corrosion film breaks from the surface, general corrosion becomes more
prevalent and dissolves away more corrosion products, undermining the thickness of the
samples.
General corrosion is more prevalent in the immersion environment than in the salt
spray environment, as corrosion products MgO and Mg(OH)2 [87, 98, 99] generated in
the immersion environment dissolve more easily than the compounds likely formed [85,
89, 100, 101] in the salt spray environment. In addition, the density of MgO and
Mg(OH)2 is much lower than these compounds, explaining why the salt spray
environment gained thickness, while immersion specimen lost weight. Furthermore, the
test environment’s set-up also affects the general corrosion rate, because general
corrosion in the salt spray environment can only occur during the salt water spray and
water spray phases, while general corrosion in the immersion environment could occur
continuously.
2.4.4

Pit Nucleation
Figure 2.8 shows the change in pit number density as a function of exposure time.

For the salt spray environment, the sample thickness was reduced to t2, indicating that
general corrosion is occurring on the fresh surface and the original film developed in the
air environment is broken. During the period when general corrosion occurred in the salt
spray environment, the protective carbonate crust is also generated. The protective
properties of the carbonate layer make it difficult for pits to nucleate on the surface, so
the pits would nucleate at the extrusion defects, as shown in Figure 2.17 [90]. With the
increase of exposure time, the corrosion layer thickness increased, making it difficult for
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pit nucleation to develop at different locations. Hence, the pits that nucleated in the
original defects or the nearby defects coalesce with each other, leading to the total pit
number density decreasing. The decrease stopped after t4 (36 h), because the thickness of
the protective corrosion layer reached the maximum sustainable thickness. Once this
thickness was reached, the internal mechanical stress caused by the mismatch between
the unit cell of corrosion products broke down the corrosion layer. More aggressive ions
then migrated to the magnesium substrate and nucleated more pits on the surface, thus
increasing the pit number density.
For the immersion environment, the increase in pit number density before t3 is
mainly attributed to the poor protective corrosion products generated on the corrosion
surfaces. Since MgO and Mg(OH)2 are more soluble than the carbonate corrosion
products, more time is needed to accumulate enough corrosion products to allow the
surfaces to become passive, as well as the fact that chloride ions are actively breaking
down the oxide film. Before the corrosion film becomes passive, the corrosion pits could
nucleate either from the original surface defects or the area beneath the weakly protective
corrosion film, near extrusion defects and the more positive electro-potential Al2Mn
intermetallic phase, which is distributed in the α phase (Figure 2.1) [90]. In addition,
general corrosion also reduces the protective property of the corrosion film
simultaneously, allowing the pit number density to increase before t3 (12 h). Following t3,
with the increase in the exposure time, the surface became more protected by the
corrosion film, making it more difficult for new pits to nucleate. During this period, some
pits coalesced with each other, reducing the pit number density. As with salt spray
surfaces, when the corrosion layer reached the ultimate sustainable thickness after t4, the
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internal stress induced fracture of the corrosion layer. More corrosion pits then nucleated
as a higher concentration of aggressive ions reached the fresh surface, causing the pit
number density to increase.
2.4.5

Pit Growth
Figures 2.9-2.11 show the changes in the in-plane pit area and the individual pit

characteristics of pit depth and pit volume, respectively, as a function of exposure time
for both the salt spray environment and the immersion environment. Figures 2.12-2.13
show the morphology of pits growing at different stages for the salt spray and immersion
environments, respectively. When examining Figures 2.9-2.11, the in-plane pit area, pit
depth, and pit volume for the salt spray surface all increased over the exposure time.
First, the increase in the in-plane pit area for the salt spray surface indicates that the pit
growth rate was faster than the general corrosion rate (Figure 2.9). In addition, the
localized attack in the salt spray environment occurs at the local electrochemical
corrosion cells on the surface [89]. This indicates that the aggressive ions stayed at the
surface allowing the corrosion to easily grow in the lateral direction, increasing the inplane pit area. The increase in average pit depth over the 60 hours is mainly caused by the
compacted corrosion layer preventing new pits from growing on the surface (Figure
2.10). However, a high curvature of the formed pit surfaces causes a higher concentration
of mechanical stress, resulting in the formation of microcracks in the inner surface of the
corrosion pits. New micropits formed easily within the older pits, increasing the in-plane
pit area and depth of the established corrosion pits, as shown in Figure 2.12 [100]. The
in-plane pit area increased faster than the pit depth, confirming the change in pit
morphology shown in Figures 2.12c and 2.12d. The difference between pit width
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increases and pit depth increases was caused by the removal of corrosive products when
the pit mouth opened, leading to a diminished gradient of electrolyte composition
between the pit bottoms and the bulk solution. Therefore, the pits ceased to grow deeper,
while the pit wall remained in the active corrosion state, allowing the pits to continue
growing in width [90]. For the salt spray environment, because both the in-plane pit area
and pit depth increased, the overall pit volume increased, since pit volume is a function of
in-plane pit area and pit depth (Figure 2.11).
When looking at Figures 2.9-2.11, the in-plane pit area for the immersion
environment increased until t4, after which it decreased to 60 h, the pit depth for the
immersion environment increased to t3, after which it decreased to 60 h, and the pit
volume reached a saturation value that did not change throughout the exposure time. The
increase in the in-plane pit area (Figure 2.9) and the pit depth (Figure 2.10) before t 3 is
ascribed to the aggressive ions accelerating the localized corrosion before the corrosion
film became passive. Between t3 and t4, the increase in in-plane pit area is attributed to
the opening of the corrosion pit, and the large standard deviation at t4 is ascribed to the
differences in area between pits that are partly opened and pit that are fully opened, as
shown in Figure 2.13a. Figure 2.13b shows a corrosion pit with the highest metal
dissolution rate halfway down the pit. The change in dissolution rate within the pit is the
result of sodium penetration cathodic sites, a poorly protective corrosion film, and the
existence of many microcracks in the inner pit surface. These three factors all lead to a
large localized corrosion pit below the surface [85]. With the increase in exposure time,
the depth of the corrosion pit stops increasing as the pit bottom becomes passive, but
general corrosion still brushes away the top layer of the bulk material, leading to the
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decrease of pit depth between t3 and t4. In addition, though the pit bottom becomes
passive, the upper wall of pits still becomes active, allowing pits to penetrate through the
underside of the corrosion film thus increasing pit area (Figure 2.13c).When looking at
Figure 2.13d, a small pit on the right side coalesced with a larger pit, allowing the pit to
fully open. This forms a single hemispherical-shaped corrosion pit and increases the inplane pit area. This growth process creates some pits that are partially opened (Figure
2.13c), while other pits become fully opened (Figure 2.13d), inducing the large standard
deviation in in-plane pit area at t4. The decrease in both corrosion in-plane pit area and
depth at t5 is caused by general corrosion reducing the area surrounding the pits, as well
as reducing the pit depth simultaneously. Following 36 h, both the pit area and the pit
depth decreased, meaning the pit volume should decrease as well (Figure 2.11). Because
of the large variation in the in-plane pit area and pit depth data, as shown by the error
bars, there are differences in pit volume, meaning that some pits grew larger while other
pits shrank. General corrosion removes the surrounding magnesium, thereby shrinking
some pits and reducing their volume. For other pits, in highly damaged areas, the pit
growth rate is faster than the general corrosion rate, so the pits either remain the same
size or grow larger. The pits that increased in area and depth then averaged out the pits
that decreased in area and depth, thereby leading to a pit volume that stays approximately
the same throughout the experimental period.
2.4.6

Pit Coalescence
Figure 2.14 shows the change in the nearest neighbour distance between the pits

on both surfaces. For the salt spray surface, the nearest neighbour distance increased to t4
(36 h) before decreasing to t5 (60 h). The increase in the nearest neighbour distance prior
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to t2, is ascribed to the trapped chloride ions that contribute to the growth of the pit area,
resulting in the closest pits coalescing with each other and forming larger pits quickly. As
shown in Figure 2.17, from t0 to t2, the amount of greens and blues increases
dramatically, where some pits coalesce with each other. After t2, the presence of water
permits some general corrosion to remove small pits and original defects, increasing the
distance between pits. As shown in Figure 2.17, between t2 to t4, the area of greens and
blues is reduced and the height of peaks decreases from 32 μm to 22 μm, indicating
general corrosion smoothed the surfaces and removed some pits, while increasing the
nearest neighbour distance. After t4, more pits nucleate on the surfaces and begin to grow
in size, as shown by large amount of greens and blues occurring (Figure 2.17) at t5,
decreasing the nearest neighbour distance.
With respect to the immersion surface, the nearest neighbour distance initially
decreased to t2 before increasing to 60 h. The initial decrease in the nearest neighbour
distance before t2 is ascribed to more corrosion pits nucleating on the surface, because the
protective layer is not fully formed yet. In the same way, the decrease in the nearest
neighbour distance indicates the general corrosion rate is slower than the localized
corrosion rate. As shown in Figure 2.18, during the period between t0-t2, more pits are
nucleated on the surface, exhibited by more blues and greens on the surfaces, causing the
nearest neighbour distance between the localized corrosion pits to decrease. After t2,
general corrosion removed some small original corrosion pits, and localized corrosion
pits grew in size and coalesced, leading to the increase in the nearest neighbour distance.
As shown in Figure 2.18, at t3, more light greens and dark blue areas appeared on the
surfaces, indicating that the pits began to increase in both size and depth and eventually
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coalescing with each other. Following t3, more pink and orange colours appeared on the
surface and peak height decreased from 32 µm to 18 µm, indicating general corrosion
removed some corrosion products and corrosion pits from the surface. At t5, though the
surface became smoother, the existence of a large blue area on the surface indicates that
many small blue pits coalesced with each other. These changes at t5 demonstrate that the
pitting corrosion rate is faster than general corrosion rate, at least on some parts of the
surface, leading to the increase in nearest neighbour distance.
The interaction between general corrosion and pitting corrosion detailed above
can further be demonstrated by Figure 2.15, which shows the changes in surface
roughness over the exposure time based on environment. Both environments initially
experienced a gradual increase in surface roughness prior to 36 h, indicating the pitting
corrosion rate is slightly greater than the general corrosion rate. After t4, the corrosion
layer for both environments reached the ultimate thickness. The internal mechanical
stress in the corrosion film caused the rupture of corrosion layer, thus, pieces of the
protective film flake off, reducing the thickness and increasing the surface roughness. In
addition, more electrolytes reached the substrate to create new corrosion pits. The
combined changes in film thickness and pitting corrosion increased the surfaces
roughness. Since the general corrosion rate in the salt spray environment was slower than
the pit growth after the film fractured, the surface roughness on the salt spray
environment experienced a large increase in surface roughness after t4.
2.4.7

Filiform Corrosion
Figure 2.16 shows the change in the filiform corrosion area fraction as a function

of exposure time for the both environments. Filiform corrosion usually occurs when the
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presence of a corrosion resistant coating and its propagation is driven by the oxygen
reduction reaction at the cathodic sites [94]. Schmutz [93] and Lunder [95] found that
filiform corrosion occurring in the immersion environment was caused by the existence
of protective film on the surface and driven by the hydrogen evolution at the cathodic
sites. Therefore, for an extruded AM30 magnesium alloy, the filiform corrosion may be
caused by the presence of an extrusion surface combined with the original oxide film as
the protective layer on the surfaces.
However, filiform corrosion was observed on the surface (Figure 2.21) for a fully
polished sample (diamond polished to 0.05 μm) immersed in the salt water environment
for one hour. When analysing this sample by SEM/EDS, the aluminium content in the
uncorroded area on both sides of the filiform corrosion lines was different. Therefore, the
filiform corrosion is also related to the existence of chemical heterogeneity in the
material. The filiform growth direction occurs towards areas with different aluminium
content for the AM30 magnesium alloy.
2.5

Conclusions
An extruded AM30 magnesium alloy was studied under two corrosion

environments (cyclical salt spray and immersion) in order to observe the corrosion rates
under different exposure environments. The coupons were examined at various times to
determine the effect of three corrosion mechanisms: (1) general corrosion; (2) pitting
corrosion in terms of the nucleation rate, growth rate, and coalescence rate; and (3)
filiform corrosion. The following corrosion information was observed:
1. The immersion environment induced greater general corrosion rates than the salt
spray environment, because specimens were continuously exposed to the salt
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water, and corrosion products in the immersion environment have a higher
dissolvability and poorer protection properties, allowing the pits to form more
readily.
2. Sodium ions were shown to diffuse into the substrate material near the fringe of
the corrosion pits, acting as a strong cathode, increasing the corrosion process.
3. The pit nucleation rate was faster on the immersion surfaces than on the salt spray
surfaces, as the pit number density for the immersion environment was greater
than the salt spray environment. In the immersion environment, the continuous
presence of aggressive electrolytes and a poor protective layer allowed water,
chloride ions, and sodium ions to easily reach the surface and nucleate more
corrosion pits on the specimen surface.
4. The pit growth rate was characterised by in-plane pit area, pit depth, and pit
volume growth rate, and it was greater in the immersion environment prior to 36 h
but was greater in the salt spray environment after 36 h. The higher pit growth
rate for the immersion environments was caused by the poor protective oxide
film, and the formation of strong cathodic and anodic sites in the corrosion pits.
The higher pit growth rate for the salt spray environment following 36 h was
caused by the rupture of oxide film and the relatively weak general corrosion on
the surface.
5. The pit coalescence rate is related to the nearest neighbour distance between pits.
For the salt spray environment, the pit coalescence rate is greater in the initial 36
h than the time period between t4 and t5. This trend arose because the relative
protective corrosion layer prevented pit nucleation on the surface, as well as only
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allowing nearby corrosion pits to grow into each other. Pit coalescence on
immersion samples arose at t2, because the continual access to the aggressive
electrolytes allowed the pits to grow faster than the effects of general corrosion.
The pits then coalesced with each other after reaching a certain size.
6. Filiform corrosion is higher for the salt spray environment, because the difference
in the experimental set-up resulted in a difference in cathodic reactions in the two
environments. For both environments, the occurrence of filiform corrosion might
be also related to the chemical heterogeneity of the aluminium content between
different areas on the surface of the material.
7. Experimental data for an AM30 Magnesium alloy were quantified in terms of
their nucleation, growth, and coalescence structure-property relations such that a
macroscale continuum model can be developed/used to employ the data contained
herein.
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CHAPTER III
MULTISCALE INELASTICITY CORROSION DAMAGE MODEL FOR
MAGNESIUM ALLOYS BASED ON AN INTERNAL
STATE VARIABLE (ISV) THEORY

3.1

Introduction
Aging of materials in corrosive environment has become a principal cause for the

reduction in the reliability and durability of engineering systems [102-105]. Magnesium
alloys as a kind of lightweight material are getting increasing attention from automotive
and aerospace industries, due to their specific high strength to weight ratio [106].
However, magnesium alloys’ service life can be significantly reduced when exposed to
the external environment, because of their high corrosion rate [81]. Development of an
accurate constitutive model that accounts for damage progression effects from
mechanical loading and corrosion is necessary.
Internal state variable (ISV) theory is a constitutive material model that can
capture the history effect of materials and is widely used in continuum damage
mechanics filed [107]. Coleman and Gurtin [108] were the first to lay out the framework
of ISV theory as they used the Clausius-Duhem inequality to place restriction on the
response functions. Later, Gurson [109] developed a yield criteria for ductile materials
including damage evolution and plasticity. Bammann [62] employed the Cocks and
Ashby [110] creep void growth rule in an ISV formulism to account for the large
57

deformation kinematics. Voyiadjis [111-113] extended the ISV damage model by
coupling the kinematics, kinetics, and thermodynamics into the damage rate equations.
By including damage as an ISV variable, different forms of damage rules can be easily
incorporated into the constitutive framework. Horstemeyer [65, 114] enriched the ISV
damage model by including the microstructure features and dividing the damage
progression into void nucleation, growth, and coalescence terms. For the past decades,
ISV theory has made a big achievement in capturing the damage evolution for materials
subjected to mechanical loadings. The corrosion process can also induce damage, reduce
material strength, enhance the inelastic flow, and soften the elastic moduli, but the ISV
theory was not widely applied to capture the damage caused by corrosion. Walton [67]
developed the first corrosion model based upon ISV theory by using an extended
multiplicative decomposition of the deformation gradient. Walton’s ISV corrosion model
has the capability to capture the macroscale damage, such as, general corrosion, pit
nucleation, pit growth, pit coalescence, and intergranular corrosion.
It is commonly known that corrosion is highly dependent on the alloying elements
and microstructural features. During the manufacturing process, many of the grain
boundaries and grain orientations may be modified. Some impurity elements/second
phase may segregate from the matrix, thereby modifying the corrosion stability of
material. However, there is no clear knowledge on how doping and material engineering
can be used favorably for altering corrosion rates in promising Mg alloys. The multiscale
modeling technique provides a powerful approach to accurately model the corrosion
effects by considering the doping effects and the material microstructure-property
relationships.
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The following part, a multiscale ISV inelasticity model for corrosion was
proposed. This model adds the corrosion ISVs to the Bammann [62-64] and Horstemeyer
[65, 66] thermomechanical plasticity model but also relates different corrosion
mechanisms (general corrosion, pitting corrosion, intergranular/filiform corrosion) to
materials’ microstructural features based on the corrosion framework of Walton [67].
First, the kinematics is presented by multiplicative decomposition of the deformation
gradient. Next, the thermodynamic restrictions as given by Coleman and Gurtin [115] is
applied. Finally, the kinetics and corrosion constitutive model is proposed. For the
constitutive corrosion model part, a macroscale corrosion damage model was proposed
first. As the nature behind the corrosion damage was actually the anodic and cathodic
reactions occurring on the material surfaces, the Butler-Volmer equation was applied to
bridge the macroscale corrosion damage to the mesoscale electrochemical kinetics. The
mesoscale electrochemical kinetics behaviors can be predicted by including
microstructures and nanoscale electrochemical activation energies into the Butler-Volmer
equation.
Gibb’s notation [116] is used to express tensor quantities and their mathematical
operations. Tensors are denoted by boldface font and scalar value will have the standard
weight. Uppercase terms ( A) represent second-rank tensor and lowercase terms (a )
represent first-rank tensors (vectors). The following tensor operations are used in the text:
AB  ( A  B)ij  Aik Bkj , A : B  Aij Bij , tr ( A)  Aii , ( AT )ij  Aji , and a  b  (a  b)ij .

Special care is given to specify different intermediate configurations by using accent
marks, such as, tilde ( B) , circumflex ( Bˆ ) , and macron ( B) .
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3.2

Kinematics
In continuum mechanics, any artitraty point of a solid, X , can be mapped from

initial reference configuration to the current configuration, x , by deformation gradient,
F.

F

x
X

(3.1)

The deformation gradient tensor, F , characterizes the local deformation at X , and can be
multiplicative decomposed [65, 67, 117] into elastic straining, inelastic flow, and
volumetric damage parts, as illustrated by Figure 3.1.
F  Fe F Fp

(3.2)

Eq.(3.2) uses a smooth displacement function to describe the motion of the body; it
precludes the initiation of discrete failure surfaces but still allows a continuum
description of the damage. The elastic deformation gradient, Fe , represents lattice
displacements from equilibrium and is reversible. The volumetric inelastic deformation
gradient, F , represents a continuous distribution of corrosion and mechanical damage
that causes the volume change of the material. The inelastic deformation gradient, F p ,
represents a continuous distribution of dislocations that produce irreversible shape change
for specimens.
The finite strain deformation gradient Eq. (3.2) can then be fully expanded as
F  Fe Fc Fm Fp

(3.3)

where each intermediate deformation gradient tensor can be mathematically denoted as
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Fp 
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x
x
x
x
, F 
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x
x

(3.4)

The Jacobian of the deformation gradient tensor is related to the change in volume
or change in density for constant mass from a previous configuration to the following
configuration [65, 118]. For the inelastic volumetric deformation gradient, the Jacobian
can be written as

J  det F 

V
Vˆ

(3.5)

Because the effects of corrosion degradation and mechanical damage, the relationship
between the volumes at B̂ and B are given by
V  Vv  Vc  Vˆ

(3.6)

where 𝑽𝒗 is the volume of voids occurred during the mechanical loading; and 𝑽𝒄 is the
volume change due to corrosion across specimen surface. Damage,, is defined as the
̂.
ratio of the volume change to the total volume in 𝑩



Vv  Vc
Vˆ

(3.7)

Jacobian can be written in terms of the damage parameter,  , in the following form

J  det F 

1
1

(3.8)

When assuming that damage only produces isotropic dilatation, the volumetric part of the
deformation gradient is defined as
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F 

1
I
(1   )1/3

(3.9)

where I is a second rank identity tensor. The Jacobian, J , which accounts for the total
volumetric change can be written as
J  det F  det Fp det Fm det Fc det Fe

(3.10)

J e  det Fe , J  det F , J  det F , J p  det Fp

(3.11)

where

c

c

m

m

The deformation gradient gives information about deformation (change of shape)
and rigid body rotation but does not encompass information about possible rigid body
translations. Cauchy-Green strain tensors give a measure of how the lengths of line
elements and angles between line elements change between configurations. Given
Eqs.(3.3) and (3.4), the Cauchy-Green deformation tensors are written as
C  F T F , C p  FpT Fp , Cˆm  Fm T Fm , Cc  Fc T Fc , Ce  FeT Fe

(3.12)

The Lagrangian finite strain tensor can be correspondingly defined by
E  Ee  Ec  Em  E p

(3.13)

where

E

1
1
(C  I ) , E p  (C p  I ) , Eˆ m  (Cˆm  I ) ,
2
2
1
1
Ec  (Cc  I ) , Ee  (Ce  I )
2
2
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(3.14)

If the deformation gradient F is a non-singular ( det F  0 ) tensor, it can undergo the
polar decomposition into the following form

F  RU

(3.15)

where R is the orthogonal rotation tensor, and U is right stretch tensor, () can be any
terms caused by the deformation gradient decomposition ( p, m , c , e) . The right stretch
tensor associated with the Cauchy-Green deformation tensor from Eq.(3.15) is given by
3

U  C    2 i ni  ni

(3.16)

i 1

where the principal stretches, i , is the square root of each positive eigenvalue that
corresponds to each orthonormal eigenvector, ni .

Figure 3.1

Multiplicative decomposition of the deformation gradient.

The velocity gradient, L , in the current configuration, B , can be separated into
the elastic, corrosion, mechanical damage, and plastic parts.
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L  FF 1  Le  Lc  Lm  Lp

(3.17)

F = Fe Fc Fm Fp  Fe Fc Fm Fp  Fe Fc Fm Fp  Fe Fc Fm Fp

(3.18)

F 1  Fp1Fm1Fc 1Fe1

(3.19)

where

L  Fe Fe1  Fe Fc Fc 1Fe1  Fe Fc Fm Fm1Fc 1Fe1  Fe Fc Fm Fp Fp1Fm1Fc 1Fe1 (3.20)
Le

L c

Lm

Lp

The velocity tensor, L , can be additively decomposed into symmetric and skewsymmetric parts

Ld w

(3.21)

1
1
d  sym( L)  ( L  LT ) , w  skew( L)  ( L  LT )
2
2

(3.22)

where

The volumetric part of the velocity gradient can be written as

L  F F1 


3(1   )

I

(3.23)

Accordingly, the rate of deformation tensor becomes

d 


3(1   )

I

Also note here when the vorticity or spin tensor vanishes ( w  0 ), the trace of the
volumetric part can be obtained as
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(3.24)

tr( d ) 


(1   )

I

(3.25)

So that the damage parameter directly associates with the volumetric rate of deformation.
In addition, the deformation rate can be additively decomposed into elastic, corrosion
damage, mechanical damage, and plastic parts.
d  de  dc  dm  d p

(3.26)

Similarly, the rotation rates of deformation can be written as
w  we  wc  wm  w p

(3.27)

For the small strain condition, the anti-symmetric component of the velocity
gradient is zero, the strain rate tensor is given as

ε = εe + ε + ε p

(3.28)

where , εe , ε , ε p ,are elastic, volumetric damage, and plastic induced strain rates,
respectively. When we assume the damage-induced deformation is isotropic, the
volumetric damage induced strain rate can be written as
1
3

   (1   )1 I

3.3

(3.29)

Thermodynamics
The First Law of Thermodynamic states that the rate of work of the internal forces

equals the rate at which internal energy is increasing minus the rate at which heat enters
the body. Malvern [119] wrote the First Law of Thermodynamic in the local form as
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u  S : d   r    q

(3.30)

where u is the specific internal energy, or energy density per unit mass, 𝑺 is the PiolaKirchhoff stress tensor, 𝑟 is the heat supply term which specifies the heat rate generated
per unit mass by internal sources, 𝒒 is the heat flux vector. In the approach of Coleman
and Gurtin [115], Coleman and Noll [120] proposed another thermodynamic parameter,
the Helmholtz free energy,  , is introduced in terms of the internal energy, 𝜇, the
entropy, 𝑠, and the temperature, 𝜃.
  u  s

(3.31)

Using the Helmholtz free energy,  , the second law of thermodynamics is stated in the
form of the Clausius-Duhem equation, that places functional restrictions on postulated
constitutive responses for various materials.

  (  s )  S : d 

1



q  grad  0

(3.32)

̃ by
The local form of the Second Law can be defined in the intermediate configuration 𝑩
pushing forward the symmetric part of the velocity gradient, 𝑳, to the tilde configuration.

  (  s )  S : FeT sym(l ) Fe 

1



q   0

(3.33)

As we know that
FeT sym( L)Fe  FeT dFe  Ee  d  d p  ( LT  LTe ) Ee +Ee ( L  Le )

(3.34)

Substituting Eq.(3.34) into Eq.(3.33), we get





  (  s )  S : Ee  d  d p  ( LT  LTe ) Ee +Ee ( L  Le ) 
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1



q   0

(3.35)

Assuming the small strain condition, the Helmholtz free energy may be defined as a
̃ 𝑒 , with ISVs like damage,  , a
function of observable variables such as elastic strain, 𝑬
̃ , that affects dislocation density/mobility due to hydrogen
kinematic like ISVs , 𝜶
embrittlement, and temperature, 𝜃.

  ˆ ( EeC , EeC ,  , )
m

c

(3.36)

Taking the time derivative of the free energy, ,






: Ee Cm 
: Ee Cm 
: Ee Cc
 ( Ee Cm )
 ( Ee Cm )
 ( Ee Cc )




: Ee Cc 
: 

 ( )
( )
 ( Ee Cc )

(3.37)

By substituting Eq. (3.37) into the reduced entropy inequality, we get the following:




(Cm )T  
(Cc )T  : Ee
S  
 ( Ee Cm )
 ( Ee Cc )


 S : d  d p  ( LT  LTe ) Ee +Ee ( L  Le ) 



: Ee Cm  
: Ee Cc
 ( Ee Cm )
 ( Ee Cc )


(3.38)



1
: m  ( 
 s )  q  0
 (m )



Based on standard Coleman and Gurtin [115] rationale, the general constitutive equations
for the Piola-Kirchoff stress, 𝑺̃, and the entropy, 𝒔̃, are

S=



(Cm )T  
(Cc )T , s    
( Ee Cm )
( Ee Cc )


The dissipation inequality Eq (3.38) can be reduced to
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(3.39)

S : d  d p  ( LT  LTe ) Ee +Ee ( L  Le ) 




: Ee Cm  
: Ee Cc
 ( Ee Cm )
 ( Ee Cc )




: m Cm  
: m Cm
 (m Cm )
 (m Cm )

(3.40)

1
 q  0



The first term in Eq. (3.40) represents the dissipative work rate due to damage and plastic
dissipation. The next four terms give the internal work relates to the field of the residual
stresses which produced by the increase in defects/damage.
3.4

Kinetics

3.4.1

Plasticity
The Bammann internal state variable plasticity model was modified by

Horstemeyer [65] to capture the stress dependent damage evolution. The involved
observable and internal state variables are written below in their rate form as

σ = σ-W e σ - σW e
  (1   )tr(d e ) I  2  (1   )d e 


1

de  d  d p  d , d in  d  de



(3.41)

(3.42)

o

where σ is the co-rotational Cauchy-Stress tensor, it can be regarded as objective rate
with indifference to the continuum frame of reference when the devitoric plastic spin
equals to zero (Jaumman rate, W  W e ).  and 𝜇 are Lamé constants. The deviatoric
inelastic flow rule, 𝒅𝑖𝑛 , encompasses the regimes of creep and plasticity and is a function
of temperature, 𝑇, the kinematic hardening internal state variable, 𝜶, the isotropic internal
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state variable,  , the volume fraction of damaged material,  (mechanical damage, m ,
plus corrosion damage c ) and the functions f (T ), V(T), and Y (T ) , which are related to
yielding with Arrhenius-type temperature dependence.
The flow rule is given by:

 σ'      Y(T) 1    
n
d in  f(T) sinh 
(1   )V(T)



(3.43)

where 𝝈′ is the deviatoric stress tensor, and 𝒏 is the plastic normal tensor that can be
defined as

n

σ' - α
σ' - α

(3.44)

The function 𝑓(𝑇) represents the initial yielding is rate-dependent. The function 𝑌(𝑇) is
the rate-independent yield stress. The 𝑉(𝑇) represents the magnitude of rate-dependence
on yielding.
-B
-B
B
V (T ) = B1exp  2  , Y (T )  B3 exp  4  , f (T )  B5  6 
T
T

 T


(3.45)

The plastic flow rule can be inverted to
σ' - α

 d 
 Y (T ) - κ -V (T ) sinh 1  in   0
1
 f (T ) 

3.4.2

(3.46)

Macroscale Corrosion Damage
Damage parameter,  , is used in the previous kinematics section and the

plasticity flow rule. In this section, a physically and phenomenological based model will
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be developed to capture the corrosion damage evolution. The total corrosion damage can
be defined as

total  gc   pc  ic

(3.47)

where gc is the general corrosion damage,  pc is the localized pitting corrosion damage,

ic is the intergranular corrosion damage. For different magnesium alloys, types of
second phase particles, base materials’ chemical composition, and microstructure
features, will affect each type of corrosion damage differently. In addition, filiform
corrosion may substitute intergranular corrosion occurring on the surfaces, at this
situation, the ic can be changed to  fc in Eq. (3.47).
The associated damage rate equation is obtained as the following form

total  gc   pc  ic

(3.48)

Horstemeyer [65] developed an equation to account for the relative pitting corrosion
damage

 pc   p v p c p

(3.49)

where  p represents pit nucleation related to the pit number density, v p represents pit
growth related to the pit in-plane area, pit depth, and pit volume, and c p is the pit
coalescence term related to the nearest neighbor distance between pits.
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3.4.2.1

Macroscale General Corrosion
General corrosion can be referred to corrosion that attacks an exposed surface

uniformly without inducing appreciable localization. General corrosion can be obtained
by measuring the mass change or thickness change of the specimen. Faraday’s law [121]
proposed that the mass loss of an electrode during electrolysis is directly proportional to
the quantity of electricity transferred at that electrode

m

QM
FR z

(3.50)

where 𝑚 is the mass change of an electrode in grams, Q is the total electric charge
passed through the substance, 𝐹𝑅 is the Faraday constant, 𝑀 is the molar mass of the
substance, 𝑧 is the valency number of ions of the substance, 𝑧 = 2 for magnesium. For
the general corrosion rate,  gc , a modified Faraday’s law was proposed

gc  C1 (C2 +gc )

M
FR z

(3.51)

where 𝐶1 , 𝐶2 are material parameters that are determined by the material properties
related to Q the electric charge.

3.4.2.2

Macroscale Pitting Corrosion
The pitting corrosion is a form of extremely localized corrosion that results in the

creation of small holes in the metal. Pitting corrosion usually is defined as an
autocatalytic process [122]. The spatial separation of the cathodic and anodic halfreactions generates a potential gradient and promotes the electromigration of aggressive
anions into the pits, causing the pit nucleation, growth, and coalescence.
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Pits are susceptible to nucleate at impurities, inclusions, grain boundaries, or
surface defect/flaw regions, because these inhomogeneous sites can facilitate breakdown
of the passive films [123]. The pit nucleation rate can be written as
C3 (C4   )
C5 (C6   )

= 

if t < tc
if t  tc

(3.52)

where 𝐶3 , 𝐶4 , 𝐶5, and 𝐶6 are material parameters, that are as a function of second
phase/particle volume fraction, particle size, temperature, pH level. 𝑡𝑐 is the transition
time from pit nucleation dominated to pit coalescence or general corrosion dominated.
The pit growth rate and stability of the active corrosion are dependent on material
composition, aggressive electrolyte concentration, formation and dissolution of corrosion
film, and the potential inside the pit [123, 124].
The pit growth equation is expressed as the following form
C7 (C8 + ν)
vp = 
C9 (C10 + ν)

if t < tc
if t  tc

(3.53)

where 𝐶7 , 𝐶8 , 𝐶9 and 𝐶10 are material parameters that change as a function of
temperature, pH level, and materials microstructural characteristics. v is the average pit
volume on the specimen surfaces, please note that v can also be the average in-plane pit
area if you measured pit area instead of pit volume.
In real situations, pits will interact with neighboring pits and coalesce into larger
pits. The coalescence rate, 𝑐̇ , is assumed to relate to the electrochemical interaction forces
between pits. Walton [67] proposed a pit coalescence model based on the Coloumb’s
Law and Maxwell’s stress. The original form of Coloumb’s Law is
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Fc =

k e q1q2
r2

(3.54)

where 𝐹𝑐 is the electrostatic interaction force between pits, 𝑘𝑒 is the Coulomb constant
(𝑘𝑒 = 8.987 × 109 𝑁𝑚2 /𝐶 2 ), 𝑞1 and 𝑞2 are point charges. 𝑟 is the separation distance
between two pits, will be defined as the nearest neighbor distance (NND) for corrosion
pits. In combination both the Coulomb’s Law and Maxwell stress together, we arrived at
the following pitting coalescence rate.

cp 

ke q1q2
 0 ( NND(t ))4

C11 (C12 - NND)
NND = 
C13 (C14 - NND)

if t < tc
if t  tc

(3.55)

(3.56)

where 𝜀0 is the electric constant and equals to 8.854×10-12 F/m, 𝐶11 , 𝐶12 , 𝐶13 and 𝐶14 are
material parameters.
3.4.2.3

Macroscale Intergranular Corrosion
Intergranular corrosion is localized attack along grain boundaries, or regions

adjacent to the grain boundaries [125]. This form of corrosion mainly induced by the
uneven distribution of the chemical composition, because impurities or second phases
tend to form on the grain boundaries. The segregation of the chemical composition results
in the formation of the galvanic cells along grain boundaries. The intergranular corrosion
rate, ic , is formulated as the following form
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zic

 MO 
C15 (C16 - ic ) 


 MO0 
ic  
zic
 MO 


C17 (C18  ic ) 
 MO0 


if t < tc
(3.57)

if t  tc
zic

 MO 
where 𝐶15 , 𝐶16 , 𝐶17 , 𝐶18 are material parameters, 
 is grain misorientation factor
 MO0 
that represents galvanic cells formed. The misorientation factor, which describes the
distribution of crystallographic orientation that can be obtained from the EBSD/pole
figure results.
3.4.3

Mesoscale Electrochemical Kinetics
The Butler-Volmer equation [127-128] describes the kinetics for electrochemical

reactions is controlled by the transfer of charge across the interface [126, 127]. The
Butler-Volmer equation links four very important parameters together: the Faradaic
current, electrode potential, concentration of reactant, and concentration of product.


 α nF

 α nF

i = icorr  exp  a R E  - exp   c R E  
 RT

 RT



(3.58)

ΔE =( E - Eeq )

(3.59)

The first term represents the anodic partial current density, and the second term is the
cathodic partial current density [128], where 𝑖 is the electrode current density; 𝑖𝑐𝑜𝑟𝑟 is the
exchange current density; ∆𝐸 is the overpotential; 𝐸 is the electrode potential; and 𝐸𝑒𝑞 is
the equilibrium/reversible potential. From the above relationships, the net current (𝑖) is
positive when the electrode is anodically polarized and negative when the electrode is
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catholically polarized. 𝑛 is the number of electrons involved in the electron reaction; 𝐹𝑅
is the Faraday constant; 𝑅 is the universal gas constant; 𝛼𝑎 and 𝛼𝑐 are the so-called
anodic and cathodic charge transfer coefficient, respectively. Please note that the values
of 𝛼𝑎 and 𝛼𝑐 do not necessarily sum to unity but are related by
1
υ

a  c 

(3.60)

where  is the stoichiometric number, or the number of times that the rate-determining
step (RDS) must occur for the overall reaction to occur once.
When the anodic polarization potential is large enough from the equilibrium
potential (a  50 mV ), the first term of the Eq.(3.58) dominates the second term. Thus,
the Butler-Volmer equation can be simplified to:

 α nF E 
i = i0 exp  a R 
 RT 

(3.61)

Rearranging Eq. (3.61), one gets the Tafel equation:
i 

 i0 

a   a log 

(3.62)

where 𝛽𝑎 is the anodic Tafel slope, 𝛽𝑎 can be associated with 𝛼𝑎 by the following form

a 

2.3RT
αa nFR

(3.63)

A similar equation is obtained for the cathodic activation polarization
i 

 i0 

c    c log 
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(3.64)

where 𝛽𝑐 is the cathodic Tafel slope, and it relates to the 𝛼𝑐 by

c 

2.3RT
αc nFR

(3.65)

According to the Stern-Geary equation [129], the exchange corrosion current can
be determined by a small polarization from the corrosion potential.

icorr 

a c
( a  c )2.3Rp

(3.66)

where 𝑅𝑝 is the polarization resistance, can be defined as the slope of the linear
polarization curve at the corrosion potential. For our model, we regard 𝑅𝑝 as material
property, and it does not change over exposure time, note that the unite of 𝑅𝑝 is

Ω cm-2 .

When one substitutes Eqs. (3.63, 3.65) into Eq. (3.66), one gets

icorr =

RT
nFR (αa +αc )Rp

(3.67)

When substituting the exchange current Eq.(3.67) into the Butler-Volmer equation
Eq.(3.61), the corrosion current can be changed to the following form.

i=

RT
 α nF E 
exp  a R 
nFR (αa +αc )Rp
 RT 

(3.68)

The corrosion current density, i , that is determined from the electrochemical
kinetic part, can be used to quantify the corrosion rate occurring on the surface. The rate
of material loss, r (g h-1), is associated with the corrosion current density, 𝑖 (A cm-2), by:
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r i

M
nFR

(3.69)

The corrosion current, 𝑖, is the sum of general corrosion current, 𝑖𝑔𝑐 and pitting corrosion
current, 𝑖𝑝𝑐 , together.
3.4.4
3.4.4.1

Bridging Different Length Scales
Microstructural Analysis
For multiphase Mg alloys, the macroscale corrosion damage is affected by three

important factors: (i) the chemical composition of each phase, (ii) the fraction of each
phase in the material, and (iii) the microstructural distribution of second phases in the
material. For the cast Mg-Al alloys, the eutectic α phase usually formed along dendritic
arms or grain boundaries containing a higher level of aluminum in the solid solution. The
β phase usually precipitates within the eutectic α phase; with the increase of aluminum
content in material, β phase will precipitate more continuously along the grain boundaries
and form finer lamellar arrangement. Figure 3.2 shows the distribution of the α, eutectic
α, and β phases in the Mg-6Al magnesium alloy. As the eutectic α phase and β phase
have lower corrosion rates than the α phase, they can improve the overall corrosion
resistance of the material. On the other hand, because the eutectic α phase and β phase
have more positive electrochemical potential, they can act as effective cathodic sites to
matrix α phase and accelerate the dissolution rate of the α phase [130]. Therefore, in
order to capture the corrosion behavior of Mg alloys accurately, we need to consider both
the corrosion resistance improvement and anodic dissolution acceleration affected by the
second phases.
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Figure 3.2

The distribution of the α, eutectic α, and β phases in the Mg-6Al alloy.

Liu [131] quantified the eutectic α phase and β phase (Mg17Al12) for Mg-Al alloys
(Mg-0.5wt.% Al, Mg-1 wt.% Al, Mg-2 wt.% Al, Mg-4 wt.% Al, Mg-6 wt.% Al, Mg-9
wt.% Al, Mg-12 wt.% Al), it was found that the volume fraction and the size of both
phases increased with the addition of aluminum content and almost followed a linear
relationships. Actually, due to the different manufacturing process, such as, cooling rate
and heat treatment, the microstructure for the same Mg alloys can be different. The cast
Mg-Al alloys for this study were prepared with the same casting procedure, their
microstructure features can be associated with the Al weight percentage,  , by the
following form.

GS ( )  370599 2 -37012 +1025.8
DEu α ( )  358.32  1.0318 ,  Eu_α ( )  6903  7.6459
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(3.70)

NNDEu_α (ξ) = 114.25ξ + 38.285 , f Eu _  ( )  3.407  0.4044

(3.71)

PEu_α (ξ )  25.012 2  0.0993  0.002 , Pmatrix ( )  0.5007

Dβ ( )  1944 2  20.223  0.0921

  ( )  41518 2  446.9  443.926

(3.72)

NNDβ ( )  436.13  39.707 , f  ( )  (7.3 106 e145.3 )
E( )  1.6667 1.663

(3.73)

where GS ( ) is the grain size (μm), DEu _  is the particle size/phase size (μm) of the
eutectic α phase,  Eu _  is the number density (mm-2) of eutectic α phase, NNDEu _  is the
nearest neighbor distance (μm) of the eutectic α phase, and f Eu _  ( ) is the area fraction
of the eutectic α phase in the material. Pmatrix ( ) is the aluminum content (wt.%) in the
eutectic α phase, Pmatrix is the aluminum content (wt.%) in the matrix material. D ( ) ,

  ( ) , NND ( ) , and f  ( ) are the particle size (μm) of β phase, particle number
density (mm-2) of β phase, nearest neighbor distance (μm) between β phase particles, and
area fraction of β phase, respectively. E ( ) is the electrochemical potential value of Mg-

 Al solution phase.

3.4.4.2

General Corrosion Rate
General corrosion removes the material surface uniformly, and its rate is affected

by the chemical composition of each phase and the area fraction of each phase in the
material. The general corrosion rate can be changed over time, due to a corrosion film
that forms on the surface thus increasing the surface roughness [79]. For instance, when
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one places a fresh magnesium specimen into 3.5% NaCl solution, the corrosion current
can be higher than the condition when corrosion film uniformly covered the specimen
surface. In addition, with the increase of corrosion time, localized corrosion pits will be
generated, leading to the breakdown of the corrosion film thus increasing surface
roughness. Then, the general corrosion rate can be much greater as time progresses.
The corrosion resistance can be improved by the second phases as,

Rp ( ) 

Rp
1- 20.6 Pmatrix (ξ ) f matrix (ξ ) +15.3PEu_α (ξ ) f Eu_α (ξ ) - 15.5Pβ (ξ ) f β (ξ ) 

(3.74)

where Rp ( ) is the overall polarization resistance of the Mg-  Al alloy, 𝑅𝑝 is the
polarization resistance of the pure Mg.
As the dissolution rate of α phase can be affected by the second phases, the
general corrosion current can be written as:

igc ( ) 

    nFR
k
1.58RT
 1  exp  a

nFR ( a   c ) Rp ( ) g ( )
RT


 E

Eu _ 



( )  E ( )  f Eu _  ( )   E ( )  E ( )  f  ( ) 


(3.75)

where 𝑘1 is a parameter which can be used to adjust the unit of the current density, if the
unit of general current is (A/(m2 ∙ ℎ), 𝑘1 equals to 3600. The value of (𝛼𝑎 + 𝛼𝑐 ) is
assumed to be 0.5, and  a ( ) is the anodic transfer coefficient of the Mg-  Al alloy,
g ( ) is a coefficient indicates how the positive potential of the second phases affect the

corrosion rate where
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a ( )  2.6043  0.3264

(3.67)

g ( )  5247.9 2  720.17  24.17

(3.68)

When considering the actual general corrosion rate will change with the increase
of corrosion damages, the general corrosion rate was formulated as:

gc 

1.58RT  1- 20.589 Pmatrix (ξ ) f matrix (ξ ) +15.261PEu_α (ξ ) f Eu_α (ξ ) - 15.527 Pβ (ξ ) f β (ξ ) 
nFR ( a   c )

 k1
    nFR
exp  a

RT

 g ( ) Rp

 E

Eu _ 



 M

( )  E ( )  f Eu _  ( )   E ( )  E ( )  f  ( )  +gc  

 nFR



(3.78)
3.4.4.3

Pit Nucleation Rate
When corrosion specimens have the same initial roughness and are to be tested in

the same corrosive environment, the pit nucleation rate depends on material’s corrosion
resistance and particle number density. The pit number density usually increases with
exposure time to a certain level, after which, the pit number decreases due to the
influences of pit coalescence and general corrosion. It is commonly known that pit tends
to nucleate from particles/second phases, for Mg-Al alloys, pits would like to nucleate
around eutectic α phase and β phase. However, β phase is formed within the eutectic α
phase, with the increase of aluminum content in the material, more eutectic α phase will
change into β phase. Thus, for Mg-Al alloys, only the dominated phase’s particle number
density needs to be considered to predict the pit nucleation rate. Before the pit number
density (mm-2) reaches the critical point (  ( )  0 ), the pit nucleation rate can be
formulated as,
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 ( ) 

2.5  h1 ( ) 
 1650+Cnucleation 1   Eu _    ,      ( ) 

( Rp ( ) / Rp ) 





(3.79)

h1 ( )  1934 3  216.5 2  74.9  1

(3.80)

Cnucleation1  1.25,0.523, 2.015

(3.81)

Here, h1 ( ) is a fitting parameter which is used to account for how the corrosion
resistance affects the pit nucleation. 𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 1 is the coefficient for the pit nucleation,
𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 1 equals to 1.25 when the particle number density of eutectic phase is higher,
otherwise, 𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 1 equals to 0.523. However, there is an exceptional case, if

    Eu _  and the β phase was surrounded by a small region of pure Mg, 𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 1
will equal to 2.015 because corrosion pit will nucleate more easily.  Eu _  ,  
indicates the maximum value between

is a term

 Eu _  and   .

After the pit nucleation reaches certain level, the pit nucleation rate can be
modelled as the following form.

 ( ) 

2.5  h2 ( ) 
 130+Cnucleation 2   Eu _    ,      ( ) 

( R p (ξ ) / R p ) 





h2 ( )  1  2.07e



( 0.04)2
0.00018

Cnucleation 2  (5.58,0.60669,2.4317)

(3.82)

(3.83)

(3.84)

𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 2 equals to 5.58 when the particle number density of eutectic phase is higher,
otherwise, 𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 2 equals to 0.60669. If     Eu _  and the β phase is surrounded by
a small region of pure Mg, 𝐶𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 2 equals to 2.4317.
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3.4.4.4

Pit Growth Rate
The galvanic effect is a very important corrosion phenomena that usually occurs

on Mg alloys in practical applications and causes the majority of corrosion damage for
Mg alloys in engineering field. With a negative corrosion potential, Mg and its alloys are
prone to subject to micro-galvanic corrosion when there are potential differences between
primary α, eutectic α and β phases [132]. Unlike general corrosion, galvanic pitting
corrosion is more localized, as it is affected by matrix material’s corrosion resistance, the
relative electrochemical difference between the second phase and matrix material, and the
protection performance of the corrosion film formed on the surface. The Butler-Volmer
equation is a kind of mesoscale model, it is generally used to predict the current flow
goes through a certain surface area, however, it cannot directly be used to predict pit
growth rate. The pit growth rate was formulated by referring to the current growth rate in
butler-volmer equation and expressed as below,

 pc ( ) 

1
  nF

exp  a R E ( )  1350  pc 
f1 (ξ )  ( Rp ( ) / Rp )
 RT






E     E ( )  E ( )   D ( ) 106 / 1/   ( )  

E



6
Eu _  ( )  E ( )   DEu _  ( ) 10 / 1/  Eu _  ( ) 



f1 ( )  5687 2  50.9  10

(3.85)

(3.86)

(3.87)

where f1 ( ) is a material parameter that accounts for how the over-potential and
polarization resistance affect the pit growth rate. With the increase of exposure time,
other corrosion mechanisms may become dominated on the surfaces, and affect the pit
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growth rate. The material parameter will change to another form, f 2 ( ) , and the pit
growth rate becomes

 pc ( ) 

1
  nF

exp  a R E ( )  1350  pc 
f 2 (ξ )  ( Rp ( ) / Rp )
 RT


f2 ( )  6070 2  316.82  9.97
3.4.4.5

(3.88)

(3.89)

Pit Coalescence Rate
As the pit coalescence rate is assumed to relate to the electrochemical interaction

forces between pits, and the “pulling force” strength will increase rapidly with the
decrease in the nearest neighbor distance between pits. The pit coalescence rate is given
as

cp 

NND( ) 

1 ( )

1

(3.90)

 D0 2 
1
  a nFR

E     (10.2  NND) (3.91)

  exp 
( Rp ( ) / Rp )  d NND 
 RT

1

here,

ke q1q2
 0 (NND(t))4

( )  0.0131 0.654

(3.92)

( ) is a fitting parameter for each material, the NND equals to 10.2 μm is a

threshold value at which pits coalesced with each other. After NND reaches this
threshold, the nearby pits has already grown into a larger pit, the pit NND will increase
with the exposure time.
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 D0 2 

1
  a nFR
   1200
NND  0.1

exp

E



10.2

NND








 
( Rp ( ) / Rp )  d NND 
 RT
   60


(3.93)
where, 60 , is the pit number density at the 60 h.

3.4.4.6

Intergranular Corrosion Rate
Intergranular corrosion is usually formed on specimen surface when there are

impurity phases along the grain boundaries. The intergranular corrosion rate is affected
by grain size, grain orientation, particle size, and number density along the grain
boundary.


   nF
  R
ic ( )  0.3   1 ( )  exp  a

 RT



zic

 EEu _  ( )  E ( )  f Eu _  ( )  
 MO 


   GS   -ig 
  MO0 
  E ( )  E ( )  f  ( )





(3.94)

1 ( )  0.0025  0.0003

(3.95)

With the increase of experiment time, the area fraction of second phase particles
along the grain boundary will affect the rate most, and the intergranular corrosion rate
becomes

  2 ( )   f Eu _     f Eu _     

zic




MO



 E
( )  E ( )  f Eu _  ( )  
ic ( )  0.007 


 exp   a   nFR  Eu _ 
   GS    ig   MO0 



   E ( )  E ( )  f  ( )  
RT










(3.96)
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 2 ( )  4.933 2  0.0846  0.0003
3.5

(3.97)

Implementation
The microstructural features such as, particle size, particle number density,

nearest neighbor distance, aluminum content in each phase, grain size, and second phase
area fraction were quantified for the cast pure Mg, Mg-2% Al, and Mg-6% Al alloys.
Then, the microstructural characteristics and electrochemical potential of each phase
were included in the multiscale ISV corrosion model, and the predicted corrosion process
(general, pitting, and intergranular corrosion) are compared with the experimental data as
shown in Figures 3.3-3.5. Good agreement was found between the model validation
results and the experimental data.
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Figure 3.3

Comparison between the proposed theoretical damage framework and the
corrosion experimental data of pure Mg (3.5 wt.% NaCl immersion
environment).

The figure shows experimental data versus the model for (a) change in mass, (b) pit
number density, (c) pit volume, (d) pit nearest neighbor distance, (e) intergranular
corrosion area fraction. The error bars were one standard deviation in each direction
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Figure 3.4

Comparison between the proposed theoretical damage framework and the
corrosion experimental data of Mg-2% Al alloy (3.5 wt.% NaCl immersion
environment).

The figure shows experimental data versus the model for (a) change in mass, (b) pit
number density, (c) pit volume, (d) pit nearest neighbor distance, (e) intergranular
corrosion area fraction. The error bars were one standard deviation in each direction.
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Figure 3.5

Comparison between the proposed theoretical damage framework and the
corrosion experimental data of Mg-6% Al (3.5 wt.% NaCl immersion
environment).

The figure shows experimental data versus the model for (a) change in mass, (b) pit
number density, (c) pit volume, (d) pit nearest neighbor distance, (e) intergranular
corrosion area fraction. The error bars were one standard deviation in each direction.
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3.6

Conclusion
A multiscale corrosion constitutive model that joins corrosion damage and

mechanical effects for magnesium alloys has been developed. The kinematics,
thermodynamics, and kinetics were considered in formulation of the internal state
variables to account for different corrosion damage mechanisms, such as, general
corrosion, pitting corrosion, and intergranular corrosion. The macroscale corrosion
damage is bridged to the mesoscale electrochemical kinetics based on the Butler-Volmer
equation, which is further bridged to materials’ microstructural properties. The theoretical
framework of this model can be implemented to a finite element code in engineering
analysis, as well as extended to include other kinds of damages occurred in the
engineering field.
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CHAPTER IV
CORROSION FATIGUE BEHAVIOR OF AN EXTRUDED AM30 MAGNESIUM
ALLOY IN 3.5 wt.% NACL ENVIRONMENT

4.1

Introduction
Magnesium alloy’s superior properties such as high strength to weight ratio,

excellent castability, and good damping capacity, have led to an increasing demand for
the application as structural materials in automobile and aerospace industries [133].
However, despite magnesium alloys’ competitive mechanical properties, its high
chemical activity leads to poor corrosion resistance when exposed to an external
environment [10, 134, 135]. In addition, as many mechanically loaded parts in
automobiles are often subjected to the prolonged cyclic stress in an active medium [136],
it is of significant importance to investigate the combined effects of corrosion and fatigue
on magnesium alloys.
Magnesium alloys’ chemical composition, manufacturing process, and application
environments play a significant role in affecting their corrosion fatigue performances
[137]. Uematsu [138] studied fatigue behavior of three extruded magnesium alloys AZ80,
AZ61, and AM60 in laboratory air and distilled water environments. The addition of Al
improved the magnesium alloy’s fatigue strength in laboratory air, but the difference of
fatigue strength between all alloys disappeared in distilled water environment. Unigovski
[139] conducted corrosion fatigue experiments on extruded AZ31, AM50, and ZK60 Mg
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alloys in NaCl-based solutions, ZK60 shows the highest stress-corrosion sensitivity. The
large amount of precipitate particles Zn2Zr (<0.5 μm) in ZK60 promotes strain hardening
and increases materials’ mechanochemical dissolution rate [140].
Eliezer [136] investigated the fatigue life of die-cast and extruded AZ91D, AM50,
and AZ31 magnesium alloys, and showed that the fatigue life of alloys are significantly
reduced in the corrosive environment (3.5% NaCl solution). Though corrosion fatigue
life for extruded alloys is longer than that of die-cast alloys, they are more sensitive to the
NaCl solution environment. Hilpert [141] studied the effect of mechanical surface
treatment on the fatigue performance of AZ80 magnesium alloy in air, 0.5 and 3.5%
NaCl solution environments. Mechanical polishing and shot peening treatments improve
material’s fatigue strength in air, while no improvement is found in NaCl solutions.
Roller burnishing treatment induces a smooth surface with residual compressive stresses
in sufficient depth, results in outstanding fatigue performance in both air and NaCl
solutions. Khan [133] conducted fatigue tests for as-cast and shot-blasted AM60 Mg
alloy in low humidity, high humidity and 5% NaCl environments. Fatigue strengths
degraded in the high humidity and NaCl solution for both the as-cast and shot-blasted
specimens, and cracks initiated from the corrosion-induced surface defects. Shot-blasted
specimens showed better fatigue strength under all the three environments when
compared to the as-cast specimens.
The corrosion fatigue behavior of extruded AZ61 magnesium alloy was evaluated
under the influences of different humidity and temperature [137]. No significant variation
in fatigue strength was observed when temperature changes from 20 ℃ to 50 ℃ for both
humidity levels of 55% and 80%, but, the fatigue life decreased significantly when
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temperature increased to 150 ℃. Bhuiyan [142] carried out the corrosion fatigue tests of
extruded AZ61 under three environments: 80% relative humidity, 5 wt.% NaCl solution,
and 5 wt.% CaCl2 solution. NaCl solution undermines the fatigue strength most
significantly, as it contains higher Cl- concentration and lower pH value. It is reported
that the reduction of fatigue life in the corrosive environments is caused by the formation
of localized corrosion pits, which work as stress concentrator and accelerate the crack
nucleation process [136, 137, 142].
AM30 has a similar yield stress and tensile strength as AZ31 magnesium alloys,
but it can be extruded at higher speeds than AZ31 [76], AZ61, and ZK60 magnesium
alloys [143]. AM30 alloy’s fatigue [144-146] and corrosion [147] behaviors have been
examined by researchers separately, however, its corrosion fatigue properties has not
been fully investigated yet. In this chapter, the fatigue properties of an extruded AM30
magnesium alloy are investigated in both ambient and 3.5 wt.% NaCl aqueous solution
environments. In our study, the localized corrosion pit diameter on the corrosion fatigue
specimen surfaces had been quantified at various intervals during the exposure time. The
fracture surfaces were analyzed using scanning electron microscopy to observe the
differences in crack nucleation and fatigue crack propagation characteristics. The
environmental effects and associated fracture mechanisms will be presented in the
following part.
4.2

Material and Method
The material in this study were cut from an extruded crash rail that was extruded

at a rate of 2.7 m/min, and provided by Timminco Corporation (Aurora, CO) using an
CNC Mill (Haas, Oxnard, CA). The chemical composition and standard mechanical
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properties of the tested AM30 magnesium alloy are listed in Table 4.1 and Table 4.2.
Specimens were machined from the rail parallel to the extruded direction, with a gauge
length of 15 mm, gauge width of 5 mm, and thickness of 2.5 mm. In order to remove
surface defects and residual stress caused by the machining process, specimens were
hand-ground with progressively finer emery paper ranging from 800 grit to 4000 grit in
the E178-4Ethylene Glycol solution. After polished, specimens were cleaned with 100%
ethanol immediately, then sonicated in 100% ethanol solution for 30 minutes. Additional
samples were cut by diamond saw in different extruded directions, in order to observe the
microstructure features of the as-received material. Specimens were cold mounted in
resin, ground with finer emery paper ranging from 1200 grit to 4000 grit, polished by 3,
1, and 0.05 μm diamond suspension solutions. Specimens were then etched with solution
consisting of 5 ml acetic acid, 3 g picric acid, 10 ml H2O, and 100 ml ethanol, and
microstructural features were characterized by an optical microscope (Axiovert 200 M
Mat, Carl Zeiss Imaging Solutions, Thornwood, NY).
Table 4.1

Nominal composition of the material tested (weight percentage).

Material

AM30 Mg Alloy Chemical composition (wt.%)

Mg

Al

0.97

2.55

Zn
<0.0025

Mn
0.347

Si
0.0092

Fe
0.016

Cu
<0.005

Ni
0.0015

Ca
0.0009

Be

Th

0.0001

0.073

Fatigue tests were performed with a 25 KN load frame servo-hydraulic MTS 858
machine, which was also equipped with a special electrolyte chamber to hold the
corrosive solution, and the corrosive electrolyte was refreshed every 30 minutes. Fatigue
tests were conducted in two environments, laboratory ambient environment (relative
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humidity 20%-30%, temperature 23℃), and salt water environment (3.5 wt.% NaCl
solution, pH≈7, temperature 23℃). For the purpose of ensuring the corrosion fatigue
specimens that break within the gauge section, the specimen surface except for the
portion of 10 mm in gauge length was covered with a layer of bees wax. Specimens were
tested along the extrusion direction under the load control mode, with stress ratio of 0.0,
and frequency of 5 Hz. For the fatigue tests, failure was defined as a 50% drop in
maximum cyclic tensile load, and tests were stopped if the specimen did not break at one
million cycles, and regarded this stress level as the run out stress level for the material.
Table 4.2

Monotonic tensile properties of AM30 Mg alloy in extruded direction.

Direction

Yield stress
(Mpa)

Ultimate tensile
strength (Mpa)

Elongation (%)

Strain hardening
exponent

Extruded

167

230

10

0.10

Corrosion fatigue process was interrupted at a fixed number of cycles in order to
investigate the surface morphology and crack length. A silicone-based replicating method
was applied to measure pit growth rate and changes of fatigue crack length on specimen
surfaces. The fracture surfaces of all specimens were examined with a scanning electron
microscopy (FEG-SEM, Zeiss SUPRA 40) coupled with energy dispersed X-ray
spectroscopy (EDS) system, in order to determine the crack nucleation sites.
4.3
4.3.1

Results
S-N Curves
Figure 4.1 shows the relationship between stress amplitudes and number of cycles

to failure for AM30 magnesium alloy in both laboratory ambient air (20-30 % RH) and
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3.5% NaCl solution environments. The results shown a significant decrease in fatigue life
for specimens tested in 3.5% NaCl environment. The fatigue run out stress level in air
environment was 60 MPa, while the run out stress level in 3.5% NaCl solution was not
found. For corrosion fatigue tests, there was a large scatter in fatigue life with stress
amplitudes greater than 60 MPa.

Figure 4.1

σ-N curves for an extruded AM30 magnesium alloy tested in laboratory
ambient environment (20%-30% RH) and 3.5% NaCl solution
environments, respectively.

The fatigue specimens for both environments were tested with frequency of 5 Hz and
stress ratio of 0.0. There was a large variation in corrosion fatigue life at stress
amplitudes higher than 60 MPa. The fatigue run out stress level in air environment was
60 MPa and was not found in 3.5% NaCl solution environment.
4.3.2

Fracture Surfaces
Extensive fractography analyses was performed to investigate the crack initiation

sites on fractured specimens. Figure 4.2 shows SEM fractographs for a specimen tested at
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a stress amplitude of 70 MPa under the laboratory ambient environment. Figure 4.2a is
the overall view of the fractured surface, the crack nucleation site is marked by the
rectangular, and the critical crack length reached to 2330 μm, as shown by the white
arrow. Figure 4.2b is the magnified view of crack initiation site; many twins, slip bands,
and a large inclusion particle existed in the region. Figure 4.2c shows the inclusion
particle debonded from the matrix, and many striations appeared on both the particle
surface and the nearby grains. Upon examination of all the fractured surfaces for
specimens tested in air environment with different stress levels, the crack nucleation
regions contained many slip bands, twins, and small debonded particles.
Figure 4.3 is the fracture surface of a corrosion fatigue specimen tested with stress
amplitude of 70 MPa. Figure 4.3a is the overall view of the fractured surface, multiple
initiation sites (A, B, C) occurred on the surface and led to the final failure. The fracture
surface was rougher when compared to the air environment, and the critical crack length
reached to 1817 μm. Figure 4.3b shows the greater magnification of the Nucleation Site
A, a localized corrosion pit, many twins, and some intergranular fractured grains were
found on the surface. Figure 4.3c is the magnified view of the corrosion pit that localized
at Nucleation Site A, with the values of pit depth and pit width were 39.2 μm and 116
μm, respectively. Figure 4.3d shows that intergranular fracture occurred, and debonded
grains and intergranular cracks can be observed in the image. Figure 4.3e is the higher
magnification of Initiation Site B, localized corrosion pit and a debonded grain were the
main reason for the crack. Figure 4.3f shows the persistent slip bands caused by plasticity
were dissolved into the solution.
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Figure 4.2

SEM fractographs of a specimen tested in the ambient environment, with
stress amplitude of 70 MPa.

The scale bar magnitudes from images a to d are 200 μm, 20 μm, 10 μm, 2 μm. (a)
Overall view of the fractured surface. (b) A debonded particle, some twins, and slip
bands occurred at the crack nucleation site (c) Higher magnification of image b, striations
were formed on the inclusion particle and nearby grain. (d) Higher magnification of
coarse striations formed on the grain.
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Figure 4.3

SEM fragtographs of a specimen tested under the 3.5% NaCl environment,
with stress amplitude of 70 MPa.

The scale bar magnitudes from images a to e are 200 μm, 100 μm, 20 μm, 20 μm, 200
μm, 20 μm. (a) Overall view of the fractured surface, multiple nucleation sites (A, B, C)
were observed (b) the higher magnification of crack Nucleaton Site A, a localized
corrosion pit (region D), some twins, and some debonded grains (region E) appeared on
the surface (c) the enlarged image of region D, a corrosion pit was formed at the
nucleation site, the values of the pit depth and the pit width were 39.2 μm and 116 μm,
respectively (d) the higher magnification of region E, intergarnular fracture surface and
intergranular crack were found (e) the magnified view of the crack Nucleation Site B,
intergranular fracture and localized corrosion pits contributed to the crack formation
process (f) the dissolution of slip bands was observed on the Nucleation Site C.
Figure 4.4 shows SEM fractographs of a corrosion fatigue specimen tested under
stress amplitude of 80 MPa. The overall view of the fractured surface was shown in
Figure 4.4a, and the crack nucleation site was shown in the rectangular region. No large
localized corrosion pit was found at the initiation site, but a filament of filiform corrosion
with depth of 17.5 μm occurred at the nucleation site (Figures 4.4b-4.4c). In addition,
some twins generated during the fatigue process were dissolved in the solution, as shown
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by the relatively corroded and smooth area nearby the crack nucleation site (Figure 4.4b).
Figure 4.4d is the morphology of the specimen surface, cracks tended to nucleate and
propagate along the filiform corrosion region.

Figure 4.4

Fracture surface of a specimen tested under the 3.5% NaCl environment,
with stress amplitude of 80 MPa.

The scale bar magnitudes from images a to d are 200 μm, 100 μm, 20 μm, 20 μm. (a)
overall view of the fractured surface, the crack initiation region was relatively flat (b) no
loacalized corrosion pit was observed at the crack nucleation site, some twins that were
generated during the corrosion fatigue process were dissolved and formed a circular
dissolution region (c) magnified veiw of the crack initiation region, filiform corrosion
with the depth of 17.8 μm was found on the surface. (d) fatigue cracks preferentialy
formed at the filiform corrosion region.
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Figure 4.5

3-D laser profilometry of filiform corrosion on the corrosion fatigue
specimen surface tested with stress amplitude of 80 MPa at 9000 cycles.

Figure 4.5 shows the 3-D laser profilometry of the filiform corrosion on the
surface of a corrosion fatigue specimen that was tested with a stress amplitude of 80 MPa
and interrupted at 9000 cycles. The colors displayed in Figure 4.5 indicate the distance
from the lowest point within the pits, as shown by shades of blue and listed as zero in the
legend, to the highest point, as shown by the pinks and reds. Filiform corrosion occurred
on the corrosion fatigue tests usually has a main filament branch (85.5 ºor 94.5 ºto the
loading direction), and many filament branches were generated from this main branch
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and propagated towards directions parallel to the loading direction. Each filament
consisted of many small pits with their diameter about 14 μm and depth around 17 μm.
Filiform corrosion is a kind of hydrogen driven mechanism, and the hydrogen can be
generated very fast during this process.

Figure 4.6

Fracture surface of a specimen tested under 3.5% NaCl environment, with
stress amplitude of 30 MPa.

The scale bar magnitudes for each image are 200 μm, 200 μm. (a) overall view of the
fractured surface, the crack nucleated from two localized corrosion pits, and the region
near the corrosion pits was dissolved away and (b) a magnified view of the corrosion pits.
Figure 4.6 is the fractured surface morphology of a corrosion fatigue specimen
tested with stress amplitude of 30 MPa. Two large corrosion pits were found located at
the crack nucleation sites, with the maximum pit depth and pit width reaching to 765 μm
and 881 μm, respectively. The fractured surface neighboring to these two pits was
dissolved away as a result of the corrosion solution attack, and the features of twins or
slip bands cannot be observed in this region. Some filiform corrosion also appeared on
the specimen surface, but its effect on the crack nucleation and propagation processes can
be neglected when compared with the huge localized corrosion pits.
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4.3.3

Corrosion Pit Characteristics in Corrosion Fatigue Test
Figure 4.7 shows the critical pit depth and pit width on the fractured surfaces with

respect to the fatigue life. As can be shown, both the critical pit depth and critical pit
width increased with the cyclic loading cycles, and they are much greater than pit values
without any loads.

Figure 4.7

The relationship between the critical pit size and number of cycles to
failure for AM30 specimens under 3.5% NaCl solution with cyclic loading
and without loading.

For the purpose of studying the pit growth behavior at different stress amplitudes
in 3.5% NaCl environment, interrupted corrosion fatigue tests were conducted at stress
amplitudes of 80 MPa, 70 MPa, and 40 MPa, respectively. Repliset method was used to
replicate specimen surface after certain loading cycles. Figure 4.8 shows the diameter
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changes of a single corrosion pit on each specimen. The corrosion pit increased in size
with cyclic loadings at stress amplitudes of 70 MPa and 40 MPa, and the pit size was
greater on 70 MPa. For corrosion pit formed on specimen tested with 80 MPa, the pit size
increased to 49.6 μm at the beginning 5000 cycles, after which it decreased to 7.4 μm at
6000 cycles. At 7000 cycles, the pit size increased to 40 μm, then it tended to gradually
decrease in size. The change in pit size when stress amplitude changed from 70 MPa to
80 MPa was due to the effect of general corrosion. General corrosion was more prevalent
at 80 MPa or higher stress amplitudes, and reduced the pit growth rate. At stress
amplitudes equal or below 70 MPa, the pitting corrosion is more dominant on specimen
surfaces and the general corrosion rate can be neglected.

Figure 4.8

Pit diameter changes on the surface of corrosion fatigue specimens that
tested with different stress amplitudes.
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4.3.4

Crack Growth Behavior During the Corrosion Fatigue Process
The changes of crack length for a corrosion fatigue specimen tested with stress

amplitude of 70 MPa is shown in Figures 4.9-4.10. Figure 4.9a is the replica surface of a
corrosion fatigue specimen that after being tested for 12580 cycles, Figure 4.9b is the
crack incubation site on the fractured surface of this specimen. At the initial 1000 cycles,
many filiform corrosion was generated on the specimen surface, and the crack nucleated
from the center (Site A in Figure 4.9) of the main filiform filament. The crack gradually
propagated along the main filiform filament path until to 5700 cycles, and many crack
propagation steps were formed on the crack incubation site during this process (Figure
4.9b). Twinning was not observed at the initiation site, because the twins generated
during each step were dissolved into the corrosive solutions. After 5700 cycles, the crack
began going through the neighboring small pit (between BC), as shown in Figure 4.9b.
Since the pit was fairly small, it did not enhance the crack growth rate significantly. After
9695 cycles, the crack encountered two pits (between CD) that grew under the filiform
corrosion. With the increase of corrosion exposure time, the diameter of the corrosion pit
that nucleated (Site E) at the edge of the specimen had grown into 81 μm after 12680
cycles, and the crack propagated directly through it and caused the failure of specimen at
12938 cycles.
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Figure 4.9

Crack propagation of a corrosion fatigue specimen tested with stress
amplitude of 70 MPa.

(a) Replica surface of the specimen after fatigued for 12,680 cycles (b) SEM image of the
crack nucleation site on the fractured surface.

Figure 4.10

Crack length versus cycles.

(a) Crack length versus cycles for a fatigue specimen tested under 3.5% NaCl solution,
with stress amplitude of 70 MPa (b) crack growth rate (dc/dN, μm) as a function of crack
length (c, μm).
Figure 4.10 displays the crack length versus cycles and crack growth rate as a
function of crack length, respectively, for the specimen tested at stress amplitude of 70
MPa. If a semi-circular crack is assumed, the crack depth that corresponds to the interior
crack measurements are one-half of the whole surface crack length (2c) [148].
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The EDS element mapping was performed at the small crack propagation region
on the fracture surface as shown by Figure 4.11. This region contained a lower Mg
intensity, but higher oxygen intensity, indicating a layer of corrosion products was
formed on the surface.

Figure 4.11

EDS element mapping of the small crack propagation region.

The fracture surface nearby the nucleation site contained lower magnesium intensity, but
relatively higher oxygen intensity.
4.4

Discussion
When comparing Figure 4.2a and Figure 4.3a, the overall surface roughness of

Fig. 4.2a is smoother than Fig. 4.3a, and the critical fatigue crack length of Figure 4.2a is
longer than Figure 4.3a. As shown by the white line in the figures, the critical crack
length for specimen tested in the air environment is 2330 μm, while in corrosive
environment is 1817 μm, indicating that the specimen tested under air environment has
higher fracture toughness. In addition, the intergranular fracture phenomenon was found
on the fractured surfaces of corrosion fatigue specimens, while not found on any
specimen tested in the air environment. All the above different fractured characteristics
can be explained by the effect of hydrogen embrittlement [149-153]. The hydrogen
generated from the electrochemical activity can form diatomic gaseous hydrogen, and a
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portion of it can be dissociated into single atoms and diffuse into bulk material [149]. The
interfaces such as grain boundaries or second phases can be considered as dislocation
arrays, the diffused hydrogen is likely to accumulate in these regions and to decrease the
cohesive bonding forces between the interfaces [149, 150]. The diffused hydrogen can
also enhance the dislocation mobility at the crack tip [151], causing a greater crack
growth rate and finally inducing rougher fractured surfaces for corrosion fatigue
specimens. Marmy [153] and Kermanidis [152] reported that the crack fracture toughness
value decreases as the diffused hydrogen content increases, and this can explain why the
critical crack length is shorter for fatigue specimens in the corrosive environment.
For the corrosion fatigue specimen, during the tension loading process, slip bands
or twins formed on the surface of specimen, and a protective corrosion film was
generated on the surface simultaneously. During the unloading process, the previously
formed slip bands slipped backward, and caused the intrusions and extrusions to occur at
the surfaces and broke the corrosion layer [154]. After that, the NaCl corrosive solution
reached the slip bands and twins, and dissolved these regions, because the slip bands and
twins have the highest energy when compared to other area. This can explain the
existence of slip bands and twin dissolution in Figure 4.3e and other corrosion fatigue
specimen surfaces.
The combination effects of stress levels and corrosion mechanisms play a
significant role in determining the fatigue life. There are two corrosion mechanisms
affecting the fatigue life significantly during the corrosion fatigue process: filiform
corrosion and localized pitting corrosion. Filiform corrosion was generated on the
specimen surface at the initial loading cycles and grew on the surface very fast. Though
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filiform corrosion’s depth and width can only reach 17 μm and 14 μm as shown by
Figure 4.5, when the main filament length reached a few hundred micrometers at high
stress levels, the stress concentration caused by the filiform corrosion was large enough
to nucleate the crack. Furthermore, a significant amount of hydrogen was generated
during the filiform corrosion process, and part of it diffused into grain boundaries nearby
the surface and caused the intergranular fracture. Because MnAl2 particles sometimes
located at the main filament region, pits would grow underneath the filiform filament and
increased the crack propagation rate. Since the growth rate of filiform corrosion is very
different depending the local microstructural details, a large scatter in fatigue life at high
stress amplitudes arose. At stress amplitudes less than 70 MPa, with the continued cyclic
loading and increasing exposure time in solution, the pit depth and pit width grew to a
few hundred micrometers on the specimen surfaces as shown by Figure 4.6.When the pits
grew into critical sizes, the stress intensity caused by the pits reached to the threshold
value for the material, and cracks nucleated from the huge corrosion pits, resulting in a
reduced fatigue life [142, 155]. In addition, the influence of filiform corrosion can be
neglected at the low stress amplitudes.
Though cyclic loading is not a requirement for pit formation and growth, it can
enhance pit growth rate by breaking passive film that formed on the specimen surfaces
[137, 156]. As shown by Figure 4.7, the pit depth on specimens without being subjected
to any cyclic loading is much smaller than the one experienced with cyclic loading.
However, the high stress amplitudes do not always contribute to the pit growth rate the
most as shown in Figure 4.8; the pit growth rate for corrosion fatigue specimen tested
with 80 MPa is lower than the one tested with 70 MPa. This can be explained by that
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high stress amplitudes (𝜎𝑎 ≥ 80 MPa) can induce higher displacement for the specimens,
and the corrosive electrolyte ions can’t easily attach to the inner surface of corrosion pits,
resulting in a slower pit growth rate. In addition, the general corrosion can occur and
remove the surface layer uniformly, reducing the size of the corrosion pits. While, when
the corrosion fatigue specimens tested with low stress amplitudes (𝜎𝑎 ≤ 70 MPa), the
small displacement occurred on the specimen surface can be neglected and the electrolyte
within the localized pits can be regarded as stagnant. This allows corrosive electrolyte
ions easily attaching to the inner surface of the corrosion pits and accelerating the pit
growth rate. When fatigue tests performed with stress amplitudes equal or below 70 MPa,
pitting corrosion was more dominant and pit growth rate became faster with the increase
in stress amplitudes, due to higher stress amplitudes can break corrosion film easily and
inhibit passive film formation. This resulted in a higher pit growth rate occurring on
specimen tested with 70 MPa, rather than 40 MPa.
After crack nucleated from the filiform corrosion or localized corrosion pits, the
front crack tip which is subjected to the highest local stress/strain will expose to the
corrosive environment, resulting in the highest mechanochemical dissolution at that local
region [26] and less twins or slip bands generated during the small crack propagation
process. Moreover, as the initial crack propagation rate is very slow, which allows the
freshly fractured surfaces exposing to the corrosive solution and twinning features were
dissolved into the solution. This explains why twinning or slip bands were not found at
the crack initiation region in Figure 4.9b, and a layer of corrosion products was formed
on the surface in Figure 4.11. Both mechanochemical dissolution at the crack tip and the
fracture surface dissolution at the small crack propagation region can promote the small
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crack growth rate. The fracture surface dissolution can influence the crack growth rate by
mitigating crack closure effect and increasing the effective ∆K value at the crack tip.
4.5

Conclusions
Fatigue experiments were performed under 3.5% NaCl solution and laboratory

ambient air (20-30 % RH) environments to investigate the corrosion fatigue behavior of
an extruded AM30 magnesium alloy. The following conclusions can be taken from this
study.
(1)

Fatigue life of specimens tested in 3.5% NaCl solution was significantly reduced
and no run out stress level was found in the corrosive environment, while, fatigue
run out stress level in air environment was 60 MPa.

(2)

For corrosion fatigue specimens, cracks nucleated from filiform corrosion at high
stress amplitudes, and cracks incubated from the huge corrosion pits at low stress
amplitudes. For specimens tested under air environment, cracks incubated from the
debonded particles, twins, and slip band regions.

(3)

The fractured surfaces of corrosion fatigue specimens were relatively rougher and
the intergranular fracture was found at the regions nearby the free surface. This
was caused by that hydrogen embrittlement reduced material bonding strength
along the grain boundary, as well as accelerated the crack propagation rate.

(4)

Cyclic loading can promote pit growth rate by breaking the passive film on the
surface. However, if the stress amplitudes are too high, the large displacement
occurred on the specimen can inhibit the corrosive electrolyte ions tightly attach to
the inner surface of corrosion pits, as well as can induce higher general corrosion
rate on the surface and mitigate pit growth rate.
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(5)

Twins and slip bands were not found at the small crack propagation region, due to
the corrosive solution interacts with the freshly fractured surface and dissolves the
plastic deformation features. The surface dissolution at the small crack propagation
region can reduce the crack closure effects and enhance the crack propagation rate.

112

CHAPTER V
CONCLUSION AND FUTURE WORK

5.1

Conclusion
An extruded AM30 magnesium alloy was studied under two corrosion

environments (cyclical salt spray and immersion) in order to observe the corrosion rates
under different exposure environments. The coupons were examined at various times to
determine the effect of three corrosion mechanisms: (1) general corrosion; (2) pitting
corrosion in terms of the nucleation rate, growth rate, and coalescence rate; and (3)
filiform corrosion. The corrosion phenomena observed during the experiment process
laid out the foundation for modelling the corrosion damage evolution. This research
developed a multiscale ISV corrosion damage model based on the work proposed by
Walton [67], which added the corrosion ISVs damage to the thermomechanical plasticitydamage model of Bammann [63, 64, 157] and Horstemeyer [65, 66]. The multiscale ISV
corrosion model bridged the macroscale corrosion damage to the mesoscale
electrochemical kinetics, microscale material features, and nanoscale material activation
energies. The corrosion testing data of Mg alloys (pure Mg, Mg-2% Al, and Mg-6% Al)
was used to develop, calibrate, and validate the model, and the model results shown good
agreement with the corrosion experiment data. Last, the simultaneous effects of corrosion
and cyclic loading were observed for AM30 magnesium alloys by conducting fatigue test
in a 3.5 wt.% NaCl solution environment. The corrosion fatigue life of the AM30 alloy
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was significantly reduced due to corrosion pit formed on specimen surface, hydrogen
diffused into the material, and fracture surface dissolved into the solution. The corrosion
damage occurred on the fatigue specimen not only reduced the crack nucleation process,
but also enhanced the crack propagation rate.
5.2
5.2.1

Future Work
Model Implementation into Finite Element Code
As illustrated in Chapter III, the multiscale ISV corrosion damage model was

developed for Mg-Al alloys. This model can be coded in FORTRAN for implementation
in the current MSU ISV Plasticity-Damage Model that is coded for use in the Abaqus FE
software.
5.2.2

Additional modelling in the future
In this dissertation, the deformation gradient tensor only decomposed into three

parts: plastic, volumetric damage, and elastic, we can add the thermal expansion part in
the model and develop a fully coupled chemo-mechanical ISV inelasticity model. In
addition, this multiscale modelling framework can also be modified to predict corrosion
damages in other magnesium alloys such as, AMxx, AZxx, Mg-Zn magnesium alloys, as
long as we can create a database which includes different phases’ electrochemical
potential and base materials’ polarization resistance values. Furthermore, as more
extrusion magnesium alloys are applied in the industry field, we can update the model to
quantify how the plasticity generated during the extrusion process affects the corrosion
damage rate.
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A.1

Physical Constants
Physical constants used for model application

APPENDIX AParameter

Values

F(C/mol)

96485

M (g/mol)

24.305

z

2

ke (Nμm2/C2)

8.987E+21

q1

1E-19

q2

1E-19

𝜀0 (C2/Nμm2)

A.2

8.85419E-24

MO/MO0

1

Zic

1

Microstructural Characteristics
Microstructural parameters for the casted magnesium alloys.
Parameters
GS

DEu _ 

Pure Mg
1000
0

Mg-2% Al
500
9.79

Mg-6% Al
161
22

Units
μm
μm

 Eu _ 

0

120

410

mm-2

NNDEu _ 

0

36

31.43

μm

f Eu _ 

0

0.3363

0.20

-

PEu _ 

0

0.03

0.10

-

Pmatrix

0

0.015

0.03

-

D

0

0

5.2

μm



0

769

1434

mm-2

NND

0

0

13.172

μm

f

0

0.001

0.049

-
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A.3

Electrochemical Parameters
Electrochemical potential for Mg-Al solution phases and polarization
resistance of the pure Mg in 3.5 wt.% NaCl solution.
Parameters

Values
-1.67

Units
Volts

Ealpha _1.5 Al

-1.63

Volts

Ealpha _3 Al [158]

-1.61

Volts

Ealpha _ 4 Al [158]

-1.59

Volts

Ealpha _ 5 Al

-1.57

Volts

Ealpha _ 9 Al

-1.52

Volts

E [158]

-1.43

Volts

EMg

Rp
137
Ohm/cm2
Please note that all the potential values are relative to the standard calomel electrode.
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